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(See the Editorial Commentary by Hanson and Caliendo on pages 785–7.)

Background. Pneumonia is a common cause of morbidity and mortality, yet a causative pathogen is identified in a minority of 
cases. Plasma microbial cell-free DNA sequencing may improve diagnostic yield in immunocompromised patients with pneumonia.

Methods. In this prospective, multicenter, observational study of immunocompromised adults undergoing bronchoscopy to 
establish a pneumonia etiology, plasma microbial cell-free DNA sequencing was compared to standardized usual care testing. 
Pneumonia etiology was adjudicated by a blinded independent committee. The primary outcome, additive diagnostic value, was 
assessed in the Per Protocol population (patients with complete testing results and no major protocol deviations) and defined as 
the percent of patients with an etiology of pneumonia exclusively identified by plasma microbial cell-free DNA sequencing. 
Clinical additive diagnostic value was assessed in the Per Protocol subgroup with negative usual care testing.

Results. Of 257 patients, 173 met Per Protocol criteria. A pneumonia etiology was identified by usual care in 52/173 (30.1%), 
plasma microbial cell-free DNA sequencing in 49/173 (28.3%) and the combination of both in 73/173 (42.2%) patients. Plasma 
microbial cell-free DNA sequencing exclusively identified an etiology of pneumonia in 21/173 patients (additive diagnostic value 
12.1%, 95% confidence interval [CI], 7.7% to 18.0%, P < .001). In the Per Protocol subgroup with negative usual care testing, 
plasma microbial cell-free DNA sequencing identified a pneumonia etiology in 21/121 patients (clinical additive diagnostic value 
17.4%, 95% CI, 11.1% to 25.3%).

Conclusions. Non-invasive plasma microbial cell-free DNA sequencing significantly increased diagnostic yield in 
immunocompromised patients with pneumonia undergoing bronchoscopy and extensive microbiologic and molecular testing.

Clinical Trials Registration. NCT04047719.
Keywords. immunocompromised pneumonia; bronchoscopy; hematologic malignancy; hematopoietic cell transplant; 

microbial cell-free DNA sequencing.
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Pneumonia is a common and often lethal complication of he
matologic malignancy and hematopoietic cell transplantation 
[1, 2]. Promptly identifying a causative pathogen can reduce 
time to effective antimicrobial therapy, yet current diagnostic 
standards fail to identify an etiology in most cases [2–4]. 
Bronchoscopy is commonly performed in these patients, but 
utility is limited when this costly procedure is delayed, and 
complications occur in approximately 10% [5–7].

New strategies are needed to increase diagnostic yield and re
duce complications from either invasive diagnostic procedures 
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or unnecessary treatments. Plasma microbial cell-free DNA 
(mcfDNA) metagenomic sequencing may offer a non-invasive 
means of improving diagnostic yield and reducing time to 
pathogen detection, as compared to current testing strategies 
reliant upon a battery of microbiologic and molecular tests. 
In previous retrospective studies of immunocompromised pa
tients with pneumonia, plasma mcfDNA sequencing detected 
etiologies otherwise identifiable only by invasive diagnostics 
and, in some cases, causative pathogens where usual care test
ing was negative altogether [8–11].

The Pneumonia in the Immunocompromised—Use of the 
Karius Test for the Detection of Undiagnosed Pathogens 
(PICKUP) study was designed to prospectively evaluate the ad
ditive diagnostic value and clinical impact of adding plasma 
mcfDNA sequencing to usual care testing in significantly im
munocompromised patients undergoing bronchoscopy to es
tablish a microbiologic etiology of pneumonia.

METHODS

Study Design and Participants

This multicenter, prospective, observational study was conduct
ed at 10 tertiary care centers in the United States. Hospitalized 
adult patients undergoing diagnostic bronchoscopy to establish 
a microbiologic etiology of clinically suspected pneumonia 
were eligible for enrollment if they were receiving treatment 
for an active hematologic malignancy, recently underwent he
matopoietic cell transplantation, or were receiving immunosup
pressive therapy for active graft versus host disease. Eligible 
patients underwent bronchoscopy no more than 1 day prior to 
enrollment or were scheduled for bronchoscopy within 5 days 
of enrollment. Patients with an established microbiologic etiolo
gy of pneumonia prior to screening or any positive molecular 
test for severe acute respiratory syndrome coronavirus 2 in the 
previous 14 days were excluded. The complete study protocol 
is provided as Supplementary Materials.

Clinician documentation and results of all imaging, microbi
ologic, molecular, and serologic testing performed per usual 
care from 3 days before through 14 days after enrollment 
were recorded. Study blood and nasopharyngeal swab samples 
collected within 24 hours of enrollment, and remnant bron
choalveolar lavage fluid were preserved and sent for supple
mental testing at a centralized reference laboratory (Indiana 
University Core laboratory) when protocol-specified diagnos
tic testing was not performed as part of usual care. Patients 
were followed for 50 days to capture final culture or reference 
laboratory testing results, key clinical outcomes, and antimicro
bial exposure through study completion.

Plasma Microbial Cell-Free DNA Sequencing Analysis

The Karius Test® was developed and validated to detect and 
quantify mcfDNA in plasma. A detailed description of test 

methods and validation has been previously described [9]. An 
overview of plasma mcfDNA sequencing test procedures and 
an example clinical report are provided in Supplementary 
Materials. Results of plasma mcfDNA sequencing were not pro
vided to members of the clinical team caring for enrolled patients.

Study Definitions

Usual care testing was defined as the protocol-required min
imum diagnostic standard plus any additional diagnostic test
ing performed during routine care to establish a pathogenic 
cause of pneumonia. The minimum diagnostic standard pre
defined a minimum set of bronchoscopic and non-invasive 
diagnostic tests required for inclusion in the Per Protocol 
population (Supplementary Figure 1 in Supplementary 
Materials). Protocol-specified testing from bronchoalveolar 
lavage fluid included bacterial, fungal, and mycobacterial cul
tures, as well as staining or molecular testing for Pneumocystis 
jirovecii. Non-invasive tests required to complete the mini
mum diagnostic standard included blood culture, serum gal
actomannan, and a multiplex respiratory viral panel from 
nasopharyngeal swab or wash. The Per Protocol population 
included patients with complete minimum diagnostic stan
dard testing, a valid plasma mcfDNA sequencing test (defined 
as a specimen processed per protocol and passing internal 
quality control assessments) collected within 24 hours of en
rollment, and no protocol deviations that might bias a com
parison of usual care to plasma mcfDNA sequencing test 
results. Probable cause of pneumonia was defined as a mi
crobe identified by usual care or plasma mcfDNA sequencing 
adjudicated as a cause of the index pneumonia event following 
review of all diagnostic testing and clinical information.

Primary and Secondary Objectives

The primary study objective was to evaluate the additive diag
nostic value of plasma mcfDNA sequencing in the Per Protocol 
population, as compared to an adjudicated composite of all 
usual care testing results available within 7 days of study enroll
ment. Key secondary objectives included estimates of the addi
tive diagnostic value of plasma mcfDNA sequencing versus 
composites of all invasive and noninvasive usual care testing, 
respectively, and agreement between plasma mcfDNA se
quencing and an adjudicated composite of all usual care diag
nostic testing. To conservatively estimate agreement with a 
composite of all usual care testing, RNA viruses (which are 
not detected by plasma mcfDNA sequencing) were included 
in agreement analyses.

The primary outcome, additive diagnostic value, was defined 
as the percent of patients with a probable cause of pneumonia 
exclusively identified by plasma mcfDNA sequencing. Additive 
diagnostic value estimates the expected increase in diagnostic 
yield if plasma mcfDNA sequencing were to be routinely com
bined with usual care testing in this immunocompromised 
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population. Clinical additive diagnostic value was defined 
as the percent of patients with an etiology of pneumonia ex
clusively identified by plasma mcfDNA sequencing in the 
Per Protocol population subgroup with negative usual care 
testing. Clinical additive diagnostic value estimates the 
probability that plasma mcfDNA sequencing would identify 
a cause of pneumonia in cases where usual care testing 
was negative.

Endpoint Adjudication Process

A centralized committee of 4 Infectious Diseases (D. M., E. M., 
M. M., T. H.) and 4 Pulmonary (A. B., C. B., D. G., J. T.) phy
sicians with significant clinical experience caring for immuno
compromised patients with pneumonia adjudicated all study 
endpoints in a 2-step process. Adjudicators blinded to plasma 
mcfDNA sequencing results first reviewed a composite of all 
clinical documentation and usual care diagnostic testing 

Figure 1. Enrollment and study cohorts. Abbreviations: AFB, acid-fast bacillus; BALF, bronchoalveolar lavage fluid; DNA, deoxyribonucleic acid; mcfDNA, microbial cell-free 
DNA; MDS, minimum diagnostic standard; PJP, Pneumocystis jirovecii pneumonia; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. aOverlapping categories. 
Some patients had >1 reason for exclusion.
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available to determine if a probable cause of the index pneumo
nia event was identified within 7 days of study enrollment. 
Results of plasma mcfDNA sequencing were then unblinded 
and adjudicated. All microbes listed on the plasma mcfDNA se
quencing report were classified as either (1) a probable cause of 
the index pneumonia event, (2) a probable cause of a clinically 
relevant infection other than pneumonia, or (3) not causing an 
active infection (commensal organism or contaminant). 
Adjudicators then determined whether plasma mcfDNA se
quencing results were concordant with usual care testing. 
When a probable cause of pneumonia was identified by plasma 
mcfDNA sequencing, adjudicators determined whether the di
agnostic information would likely change clinical manage
ment had the results been available in real time. Each case 
was independently reviewed by an Infectious Diseases spe
cialist and Pulmonologist. Disagreements between primary 
adjudications were resolved by review of a committee com
prising at least three physicians who had not performed the 
primary adjudications. The committee was also blinded to 
plasma mcfDNA sequencing results until usual care adjudi
cation was complete. Additional details of the Clinical 
Events Classification adjudication process are provided in 
Supplementary Materials.

Statistical Methods

The study minimum sample size (169) was determined by addi
tive diagnostic value, relative to the Per Protocol population, that 
would provide 80% power to reject the null hypothesis that ≤5% 
of patients would have a probable cause of pneumonia exclusive
ly identified by plasma mcfDNA sequencing assuming an addi
tive diagnostic value of ≥10%, with 1-sided type I error =0.05. A 
non-binding interim test for futility was conducted after the first 
56 Per Protocol patients were evaluated. Additive diagnostic val
ue is reported as percent with two-sided Clopper-Pearson exact 
95% binomial confidence limits. SAS version 9.4 (SAS Institute 
Inc.) was used for all statistical analyses.

RESULTS

Patients

From 3 January 2020, to 4 February 2022, 257 patients were en
rolled from 10 centers with 250 (97.3%) meeting all study eligi
bility criteria (Figure 1). Of these, 190/250 (76.0%) patients had 
received chemotherapy within 45 days of enrollment; 138/250 
(55.2%) had active relapsed hematologic malignancy, and 75/ 
250 (30.0%) had undergone hematopoietic cell transplantation 
(Table 1). In the 7 days prior to enrollment, 232 (93.2%) pa
tients received broad antibacterial and 177 (71.1%) received 
mold-active antifungal therapy. Overall mortality at the final 
study assessment (50 days after enrollment) was 62/250 
(24.8%). Among 247 patients undergoing ≥1 diagnostic bron
choscopy, at least 1 bronchoscopy complication was observed 

in 40 (16.2%). Life-threatening complications (respiratory fail
ure requiring intensive care unit [ICU] admission and unstable 
cardiac dysrhythmias) occurred in 5/247 (2.0%) patients. Of 
250 patients, 173 (69.2%) met criteria for inclusion in the Per 
Protocol population. Incomplete minimum diagnostic stan
dard testing, primarily missing blood cultures in 39/250 
(15.6%) patients, was the most common reason for exclusion. 
Baseline characteristics of patients in all study populations 
were similar to the Per Protocol population.

Pneumonia Diagnostic Outcome

At least 1 adjudicated probable cause of pneumonia was iden
tified by usual care testing within 7 days of study enrollment in 
52/173 (30.1%) patients in the Per Protocol population 
(Supplementary Table 1 in Supplement Materials). Of these, 
2 probable causes of pneumonia were identified in 3/52 
(5.8%) patients. Among 55 probable causes of pneumonia, 30 
(54.5%) fungal, 18 (32.7%) bacterial, 3 (5.5%) DNA viral, and 
4 (7.3%) RNA viral pathogens were identified by usual care test
ing. Aspergillus species were adjudicated as a causative patho
gen in 21/30 (70.0%) patients with fungal pneumonia, of 
which the diagnosis was based on galactomannan and imaging 
criteria in 16/21 (76.2%). Post hoc polymerase chain reac
tion (PCR) testing for Aspergillus species was performed 
on remnant bronchoalveolar lavage fluid in these patients 
(Suppplementary Table 2 in Supplement Materials). A prob
able cause of pneumonia was identified by non-invasive usu
al care testing in 13/173 (7.5%) patients. Plasma mcfDNA 
sequencing identified at least 1 probable cause of pneumonia 
in 49/173 (28.3%) patients. Among 56 adjudicated probable 
causes of pneumonia, plasma mcfDNA sequencing identi
fied 23 (41.1%) fungi, 29 (51.8%) bacteria, and 4 (7.1%) 
DNA viruses.

Additive Diagnostic Value

In the Per Protocol population, plasma mcfDNA sequencing 
exclusively identified a probable cause of pneumonia in 
21/173 patients for an additive diagnostic value of 12.1% 
(95% confidence interval [CI], 7.7% to 18.0%, P < .001) 
(Figure 2A). The combination of plasma mcfDNA sequencing 
and usual care testing identified a probable cause of pneumonia 
in 73/173 (42.2%) patients, equating to a 12.1% absolute in
crease in diagnostic yield and number needed to test to identify 
an additional cause of pneumonia of 8.3 (95% CI, 5.6 to 13.0) 
patients. Among 121 patients with no cause of pneumonia 
identified by usual care testing, the 21 patients with a probable 
cause of pneumonia exclusively identified by plasma mcfDNA 
sequencing represented a clinical additive diagnostic value of 
17.4% (95% CI, 11.1% to 25.3%). Additive diagnostic value 
was similar in prespecified key subgroups and in all enrolled 
patients with a valid plasma microbial cell-free DNA sequenc
ing result (Figure 3).
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Potential Clinical Impact of Plasma MCFDNA Sequencing

Within the 21 patients with a probable cause of pneumonia ex
clusively identified by plasma mcfDNA sequencing, 24 causa
tive pathogens were identified including 16 (67%) bacteria, 7 
(29%) fungi, and 1 (4%) DNA virus (Figure 2B). The adjudica
tion committee determined that plasma mcfDNA sequencing 
results could have changed antimicrobial therapy for pneumo
nia in 17/21 (81%) patients (Supplementary Tables 3–4 in 
Supplement Materials). In the Per Protocol population, plasma 
mcfDNA sequencing identified ≥1 probable cause of a clinical
ly relevant infection other than pneumonia in 67/173 (38.7%) 
patients (Supplementary Table 5 in Supplement Materials).

Agreement

Among 52 patients in the Per Protocol population with a prob
able cause of pneumonia identified by usual care testing, plas
ma mcfDNA identified the same pathogen in 27 (positive 
percent agreement 52%, 95% CI, 38% to 66%) (Table 2). Of 
121 patients with negative usual care testing, plasma 
mcfDNA did not identify a probable cause of pneumonia in 
100 (negative percent agreement 83%, 95% CI, 75% to 89%). 
Positive percent agreement was highest when a DNA viral 
pathogen was identified as a probable cause of pneumonia by 
usual care testing (100%) and lowest when a fungal pathogen 
was identified (43%) (Supplementary Tables 6–8 in 
Supplement Materials). Aspergillus species were adjudicated 
as a causative pathogen in 14/15 (93%) patients with fungal 
pneumonia exclusively identified by usual care.

DISCUSSION

In this study, adding plasma mcfDNA sequencing to conven
tional diagnostic standards increased the absolute diagnostic 
yield by 12%. These findings suggest that one probable cause 
of pneumonia would be exclusively identified by plasma 
mcfDNA sequencing for approximately every 8 patients tested 
at the time of diagnostic bronchoscopy. Plasma mcfDNA se
quencing identified a pathogenic cause of pneumonia in 17% 
of immunocompromised patients with no microbial diagnosis 
by usual care. Moreover, in most of these plasma mcfDNA 
sequencing-only diagnoses, the results were adjudicated as like
ly to lead to treatment changes.

Despite a thorough diagnostic evaluation, an adjudicated 
probable cause of pneumonia was identified by usual care test
ing in only 30% of enrolled patients. This proportion is lower 
than that reported in some previous studies; however, we be
lieve the study design provides an accurate real-world estimate 
of diagnostic yield for pneumonia in this patient population 
[7]. Notably, we implemented a structured, centralized clinical 
adjudication process that likely resulted in a lower proportion 
of pneumonia cases with a confirmed microbiologic cause 
when compared to previous studies based on positive Ta
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Figure 2. Additive diagnostic value of plasma microbial cell-free DNA dequencing. A, Pneumonia diagnostic outcome. B, Pneumonia etiologies exclusively identified by 
plasma mcfDNA sequencing. Abbreviations: ADV, additive diagnostic value; CI, confidence interval; DNA, deoxyribonucleic acid; mcfDNA, microbial cell-free DNA; UC, usual 
care. aIncludes 4 RNA viruses that cannot be detected by plasma microbial cell-free DNA sequencing. bAdditive diagnostic value, defined as the percentage of patients with 
an etiology of pneumonia exclusively identified by plasma microbial cell-free DNA sequencing in the Per Protocol population, was 21/173 = 12.1% (95%CI, 7.7% to 18.0%). 
An etiology of pneumonia was identified by usual care in 52/173 (30.1%) patients and the combination of usual care and plasma microbial cell-free DNA sequencing in 73/173 
(42.2%) patients, equating to a 40.2% relative increase in diagnostic yield when plasma microbial cell-free DNA sequencing was added to usual care testing. cThree patients 
had 2 adjudicated probable causes of pneumonia detected by plasma mcfDNA sequencing.
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diagnostic tests alone. Acute noninfectious pulmonary condi
tions that complicate hematopoietic cell transplantation and 
treatment of hematologic malignancy were not adjudicated. 
Although all enrolled patients underwent bronchoscopy for 
clinically suspected pneumonia, it is likely some had a nonin
fectious pulmonary disease. Moreover, patients were enrolled 
irrespective of bronchoscopy timing relative to symptom onset 
or prior empiric antimicrobial exposure, 2 known contributors 
to the low yield of bronchoscopic testing in this patient popu
lation [2, 12, 13]. Because the usual care comparator included 
all testing collected in routine care to establish a pneumonia eti
ology, the results reflect the extent of diagnostic testing and the 
real-world variability of both local testing standards and diag
nostic yield in these patients. Taken together, our study find
ings enhance understanding of contemporary diagnostic yield 

and underscore the need for improved diagnostic testing in se
verely immunocompromised patients undergoing broncho
scopy to establish an etiology of pneumonia.

Agreement between usual care and plasma mcfDNA se
quencing varied by pathogen class and was lowest in patients 
with fungal pneumonia. Aspergillus species accounted for 
most fungal pneumonia pathogens identified exclusively by 
usual care. This finding is consistent with a prior retrospective 
study of plasma mcfDNA sequencing in invasive fungal disease 
[8]. Whether high rates of mold-active antifungal prophylaxis 
in enrolled patients reduced plasma mcfDNA sequencing 
yield is unknown. Fungal pneumonia diagnosis often relies 
on non-culture methods like galactomannan, which may lead 
to overdiagnosis or be differentially impacted by prior 
mold-active antifungal exposure [14]. In most patients where 
an Aspergillus species was adjudicated as the probable cause 
of pneumonia, mycological criteria were fulfilled by galacto
mannan testing alone. Although the mechanisms underlying dis
crepant diagnostic yield in these patients are unknown, plasma 
mcfDNA sequencing did identify invasive fungal infections not 
diagnosed by usual care. These findings highlight the complemen
tary nature of a diagnostic testing approach that combines plasma 
mcfDNA sequencing with contemporary standards of care [8].

Strengths of this study include the prospective, multicenter 
design and blinded, multistage committee adjudication of all 
key study endpoints. Additionally, the study required a rigor
ous usual care evaluation to ensure a robust estimation of the 
additive diagnostic value of plasma mcfDNA sequencing. 
We conservatively defined additive diagnostic value to include 
only patients with a probable cause of pneumonia identified 
exclusively by plasma mcfDNA sequencing—against the 
background of a protocol-specified usual care testing battery. 
However, routine care diagnostic testing is often less 

Figure 3. Additive diagnostic value of plasma microbial cell-free DNA sequencing in key study subgroups. Abbreviations: ADV, additive diagnostic value; CI, confidence 
interval; DNA, deoxyribonucleic acid; mcfDNA, microbial cell-free DNA. aExcludes 21 patients with plasma microbial cell-free DNA sequencing test results that were not 
adjudicated because the sample was either collected outside the protocol-specified testing window or incorrectly processed at the enrolling site.

Table 2. Measures of Agreement Between Usual Care Testing and 
Plasma Microbial Cell-Free DNA Sequencing (Per Protocol Populationa)

All Usual Care Testing

Positive Negative Total

Plasma mcfDNA sequencingb Positive 27 21 48

Negative 25c 100 125

Total 52 121 173

Measure Percent (95% confidence limitsd)

Positive percent agreement 51.9 (37.6, 66.0)

Negative percent agreement 82.6 (74.7, 88.9)

Abbreviations: DNA, deoxyribonucleic acid; mcfDNA, microbial cell-free DNA.  
aThe Per Protocol Population included patients with complete protocol-required testing, 
a valid plasma mcfDNA sequencing test collected within 24 hours of enrollment, and no 
protocol deviations.  
bPlasma mcfDNA sequencing does not detect RNA viral pathogens.  
cIncludes 4 RNA viruses identified by usual care testing and adjudicated as probable cause 
of pneumonia.  
dClopper-Pearson confidence intervals.
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extensive, and bronchoscopy may be delayed or avoided. 
Consequently, this study may underestimate the real-world 
additive diagnostic value of non-invasive plasma mcfDNA se
quencing. Future studies should evaluate whether combining 
plasma mcfDNA sequencing with usual care testing may offer 
other forms of additive value by identifying clinically relevant 
coinfections and reducing time to pathogen identification, 
need for additional diagnostic testing, cost, and risk of proce
dural complications.

This study has limitations. First, approximately one-quarter of 
enrolled patients were excluded from the primary analysis be
cause minimum diagnostic standard testing was incomplete. 
Most of these patients were excluded for missing blood cultures, 
a test with low diagnostic yield in immunocompromised patients 
with pneumonia [15, 16]. Because additive diagnostic value was 
similar in the Per Protocol population and among all enrolled pa
tients with plasma mcfDNA sequencing, it is unlikely that exclud
ing patients without blood cultures systematically biased study 
findings. Second, the impact of prior antimicrobial exposure on 
plasma mcfDNA sequencing yield could not be assessed as 
most patients were receiving empiric broad antibacterial therapy 
and mold-active antifungal therapy upon enrollment. Finally, the 
study did not require Aspergillus serum or bronchoalveolar lavage 
fluid PCR testing, which has been recommended by clinical prac
tice guidelines for severely immunocompromised patients with 
suspected invasive pulmonary aspergillosis [17].

In conclusion, non-invasive plasma microbial cell-free DNA 
sequencing increased detection of the microbial etiology of 
pneumonia in severely immunocompromised patients under
going a rigorous invasive diagnostic evaluation. Collectively, 
these data support adoption of plasma mcfDNA sequencing 
to improve diagnostic yield in this high-risk population.
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materials are not copyedited and are the sole responsibility of the authors, so 
questions or comments should be addressed to the corresponding author.

Notes
Author Contributions. All authors reviewed and approved the final ver

sion of this manuscript before submission. S. P. B.: Conceptualization, en
rollment, data interpretation, writing (first draft), review, and editing. R. F. 
C.: Enrollment, writing, review, and editing. S. D.: Enrollment, writing, re
view, and editing. J. A. H.: Enrollment, writing, review, and editing. Y. J. L.: 
Enrollment, writing, review, and editing. G. H.: Enrollment, writing, re
view, and editing. A. L.: Enrollment, writing, review, and editing. A. D.: 
Enrollment, writing, review, and editing. P. V, C.-H.: Enrollment, writing, 
review, and editing. E. B.: Enrollment, writing, review, and editing. F. K.: 
Enrollment, writing, review, and editing. D. N.: Enrollment, writing, re
view, and editing. G. A. P.: Enrollment, writing, review, and 
editing. C. B. S.: Enrollment, writing, review, and editing. M. F.: 
Enrollment, writing, review, and editing. M. A. B.: Enrollment, writing, re
view, and editing. T. D.: Writing, review, and editing. M. T. M.: 
Conceptualization, writing, review, and editing. E. K. M.: Writing, review, 
and editing. D. B, M.: Writing, review, and editing. A. D. B.: Writing, 

review, and editing. D. L. G.: Writing, review, and editing. J. L. T.: 
Writing, review, and editing. C. E. B.: Writing, review, and editing. R. B.: 
Conceptualization, methodology, analysis, writing, review, and 
editing. J. D. L.: Methodology, analysis, writing, review, and editing. E. L. 
T.: Conceptualization, writing, review, and editing. O. W.: Writing, review, 
and editing. M. M.: Analysis, writing, review, and editing. D. H.: 
Conceptualization, writing, review, and editing. R. D.: Methodology, writ
ing, review, and editing. D. S, L.: Data interpretation, writing, review, and 
editing. S. B.: Writing, review, and editing. B. A. P,: Data interpretation, 
writing, review, and editing. T. A. B.: Conceptualization, data interpreta
tion, writing, review, and editing. V. G. F.: Conceptualization, data inter
pretation, writing, review, and editing. T. L. H.: Conceptualization, data 
interpretation, writing (first draft), review, and editing.

Acknowledgments. The authors thank the patients and families whose will
ingness to contribute to science made this research study possible. They also 
thank Constance Lau for providing data validation support and biostatistical 
consultation as well as Ravi Tamiri for support with data cleaning, structur
ing, and creation of the interactive online dashboard of study results.

Financial support. This work was supported by Karius Inc, Redwood 
City, California, USA. Investigators from Karius were directly involved in 
design and conduct of the study; collection, management, analysis, and in
terpretation of the data; preparation, review, and approval of the manuscript; 
and decision to submit the manuscript for publication. Thomas E Davis re
ports support for this work in the form of testing performed at IU Health 
Pathology Lab and Pathology Research Lab: Galactomanan; BioFire RVP; 
Diasorin PJP PCR; Fungal culture and stain; respiratory culture and stain; 
AFB culture and stain (IU Health Pathology Lab and IU Pathology 
Research Lab were compensated as budgeted at lab standard rates for tests 
performed and listed in the protocol and contract). J. D. L. reports no sup
port outside of his salary working as a statistician for the Duke Clinical 
Research Institute. Y. J. L. reports receiving institutional research support 
for clinical trial from Karius and support for this work form Scynexis.

Potential conflicts of interest. S. P. B. reports being a consultant to C3J 
Therapeutics. R. F. C. reports being a scientific advisor or consultant for 
ADMA Biologics, Pulmotec, Janssen, Merck/MSD, Partner Therapeutics, 
Takeda, Shinoigi, Genentech, Astellas, Adagio Therapeutics, Oxford 
Immunotec, Qiagen, Karius, and Ansun Pharmaceuticals and received re
search grants paid to his institution from National Institutes of Health 
(NIH)/National Cancer Institute (NCI), Merck/Merck, Sharp & Dohme 
(MSD), Karius, AiCuris, Ansun Pharmaceuticals, Takeda, Genentech, 
Oxford Immunotec, Freestyle, and Eurofins-Viracor, and reports payment 
or honoraria as a speaker for Qiagen and Viracor-Eurofins. S. D. reports 
research grants paid to his institution from Karius, Merck, Gilead, Ansun 
Biopharma, Allovir, Geovax. He has served on advisory boards of Merck, 
Takeda, Allovir, and Aseptiscope, Inc. He is on speaker’s bureau of 
Merck, Astellas and Takeda, and reports payment or honoraria from 
Viracor for educational event at ID week 2022 and from MJH for cytomeg
alovirus (CMV) symposium at American Society of Hematology (ASH) 
2022. He has stock options in Aseptiscope, Inc, Matinas Biopharma, 
and Cidara Therapeutics. He reports consulting fees from Merck and 
Allovir; support for attending meetings and/or travel from American 
Society of Transplantation and Cellular Therapy—Tandem 2022 and 
2023 (registration credit), ID week 2022—Infectious Diseases Society of 
America (IDSA) (partial support—airfare), and Immunocompromised 
Host Society (ICHS) 2022 (air fare and hotel expenses); Patent # 9416395, 
Assigned to City of Hope. Inventors—Markus Kalkum, Karine Bagramyan, 
Diana Diaz-Arevalo, James I. Ito, Sanjeet S. Dadwal (assigned to City of 
Hope) and US Provisional Patent Application no. 63/067,855: Inventors— 
Markus Kalkum, Daniel Roeth, Sanjeet S. Dadwal (assigned to City of 
Hope); a role as Chair of Transplant Infectious Disease Special Interest 
Group of American Society of Transplant and Cellular Therapy (ASTCT). 
J. A. H. reports research grants paid to his institution from Karius and con
sulting for Karius and support for travel to advisory board meeting from 
Karius. Y. J. L. has served as an investigator for Astellas, Karius, AiCuris, 
and Scynexis and has received research grant support from Merck & Co 
Inc. G. H. is a recipient of research grants from Allovir, Karius, and 
AstraZeneca and also serves on the scientific advisory boards of and receives 

Microbial Cell-Free DNA in Pneumonia • CID 2024:78 (15 March) • 783

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciad599#supplementary-data


consulting fees from Karius and AstraZeneca, and reports grants or contracts 
from NIH; payment or honoraria for lectures, presentations, speakers 
bureaus, manuscript writing or educational events from MDOutlook, 
PeerView Medical Education, International AIDS Society. A. L. reports 
consulting fees from Karius. F. K. reports honorarium from Medscape 
and research support from Eurofins-Viracor. G. A. P. reports research sup
port from MSD and Takeda/Shire and consulting and other fees from 
AlloVir, Amplyx, SLC Behring, Cidara, MSD, Takeda and Octapharma. 
C. B. S. reports research grant support from NIH, GlaxoSmithKline, ViiV, 
Abbott, Merck, Gilead, Chimerix, Shire/Takeda, Schering-Plough, Ablynx, 
Janssen, Ansun Biopharma, and Karyopharm Therapeutics; participation 
on Janssen Respiratory Viruses Advisory Board and Merck Scientific Input 
Engagement (SIE) Panel for Molnupirivir. M. F. reports research grant sup
port from NIH, and research funding (UCSF PI Fung) from Scynexis and 
Vatic, Ltd. M. T. M. reports being a consultant for UpToDate and Karius 
and a co-inventor of patents on Methods to Detect and Treat Acute 
Respiratory Infections. E. K. M. reports consulting fees from Karius Inc as 
a Clinical Events Committee member/reviewer—received payments as clini
cal adjudicator for another Karius project. D. B. M. reports consulting fees 
from Karius Inc.. A. D. B . reports payment or honoraria from Novartis for 
lecture on Sepsis Watch, AI program developed at Duke. J. L. T. reports ad
visory board participation for Sanofi, Natera, Theravance and Altavant 
Sciences (now Enzyvant Therapeutics) in addition to grants to the institution 
from Boehringer-Ingelheim, AstraZeneca, Sanofi, NIH, Cystic Fibrosis 
Foundation and CareDx; and consulting fees from Sanofi. C. E. B. reports 
grants or contracts from American Lung Association and NIH (National 
Heart, Lung, and Blood Institute [NHLBI] and National Institute of Allergy 
and Infectious Diseases [NIAID] funded projects—not related to this project); 
participation as member of a Data and Safety Monitoring Board (DSMB) for 
VASSPR—an ICU-based trial with no relationship to this project. R. B. 
reports stock holdings in Merck, Johnson & Johnson, COVIDien, Pfizer, 
Sanofi, McKesson, and Viatris and consulting fees from Elixir. 
E. L. T. reports personal fees from Biomeme and Predigen, stock options in 
Danaher, and being an employee of Danaher Corp. O, W. reports support 
for attending meetings and/or travel from Karius (as Clinical Events 
Classification [CEC] Project Leader initiated and attended meetings with 
Karius for the PICKUP study); a role as CEC Project Leader coordinated 
CEC committee meetings within Duke Clinical Research Institute (DCRI) 
for the PICKUP trial. M. M. reports being an employee of Karius Inc, 
Redwood City, California, and may own stock options. D. H. reports  being 
a former employee of Karius Inc, Redwood City, California, and a patent is
sued for related work while at Karius as employee (WO-2020106987-A1— 
Detection and Prediction of Infectious Disease). R. D. reports being a former 
employee of Karius Inc, Redwood City, California, and is owner of Karius 
stock options. D. S. L. reports being an employee of Karius Inc, Redwood 
City, California, and may own stock options. S. B. reports being an employee 
of Karius Inc, Redwood City, California, and may own stock options, and re
ports support for attending meetings and/or travel and patents planned, is
sued, or pending with Karius Inc. B, A. P. reports being an employee of 
Karius Inc, Redwood City, California, patents planned, issued or pending 
with Karius Inc, and may own stock options. T. A. B. reports being an em
ployee of and having a leadership or fiduciary role with Karius Inc, 
Redwood City, California, and may own stock options. V. G. F. reports per
sonal fees from Novartis, Debiopharm, Genentech, Achaogen, Affinium, 
Medicines Co., MedImmune, Bayer, Basilea, Affinergy, Janssen, Contrafect, 
Regeneron, Destiny, Amphliphi Biosciences, Integrated Biotherapeutics; 
C3J, Armata, Valanbio; Akagera, Aridis, Roche, grants from NIH, 
MedImmune, Allergan, Pfizer, Advanced Liquid Logics, Theravance, 
Novartis, Merck; Medical Biosurfaces; Locus; Affinergy; Contrafect; Karius; 
Genentech, Regeneron, Deep Blue, Basilea, Janssen; royalties from 
UpToDate, stock options from Valanbio and ArcBio, honoraria from IDSA 

for his service as Associate Editor of Clinical Infectious Diseases, and a patent 
sepsis diagnostics pending. T. L. H. reports being an advisor and consultant to 
Aridis, Basilea Pharmaceutica, Karius, and Lysovant; royalties from 
UpToDate; reports grants or contracts with Karius (adjudication committee) 
and with NIH; reports consulting fees from Pfizer and Affinivax; participation 
on DSMB for platform trial for SNAP Trial; and on advisory board for Basilea. 
All other authors report no potential conflicts.

All authors have submitted the ICMJE Form for Disclosure of Potential 
Conflicts of Interest. Conflicts that the editors consider relevant to the con
tent of the manuscript have been disclosed.

References
1. Schuster MG, Cleveland AA, Dubberke ER, et al. Infections in hematopoietic cell 

transplant recipients: results from the Organ Transplant Infection Project, a mul
ticenter, prospective, cohort study. Open Forum Infect Dis 2017; 4:ofx050.

2. Lucena CM, Torres A, Rovira M, et al. Pulmonary complications in hematopoietic 
SCT: a prospective study. Bone Marrow Transplant 2014; 49:1293–9.

3. Ford ES, Crothers K, Cheng GS. Pulmonary infections in the hematopoietic cell 
transplant patient. Curr Opin Infect Dis 2020; 33:205–13.

4. Wohlfarth P, Turki AT, Steinmann J, et al. Microbiologic diagnostic workup of 
acute respiratory failure with pulmonary infiltrates after allogeneic hematopoietic 
stem cell transplantation: findings in the era of molecular- and biomarker-based 
assays. Biol Blood Marrow Transplant 2018; 24:1707–14.

5. Bauer PR, Chevret S, Yadav H, et al. Diagnosis and outcome of acute respiratory 
failure in immunocompromised patients after bronchoscopy. Eur Respir J 2019; 
54:1802442.

6. Patel NR, Lee PS, Kim JH, Weinhouse GL, Koziel H. The influence of diagnostic 
bronchoscopy on clinical outcomes comparing adult autologous and allogeneic 
bone marrow transplant patients. Chest 2005; 127:1388–96.

7. Chellapandian D, Lehrnbecher T, Phillips B, et al. Bronchoalveolar lavage and 
lung biopsy in patients with cancer and hematopoietic stem-cell transplantation 
recipients: a systematic review and meta-analysis. J Clin Oncol 2015; 33:501–9.

8. Hill JA, Dalai SC, Hong DK, et al. Liquid biopsy for invasive mold infections in 
hematopoietic cell transplant recipients with pneumonia through next- 
generation sequencing of microbial cell-free DNA in plasma. Clin Infect Dis 
2021; 73:e3876–83.

9. Blauwkamp TA, Thair S, Rosen MJ, et al. Analytical and clinical validation of a 
microbial cell-free DNA sequencing test for infectious disease. Nat Microbiol 
2019; 4:663–74.

10. Armstrong AE, Rossoff J, Hollemon D, Hong DK, Muller WJ, Chaudhury S. 
Cell-free DNA next-generation sequencing successfully detects infectious patho
gens in pediatric oncology and hematopoietic stem cell transplant patients at risk 
for invasive fungal disease. Pediatr Blood Cancer 2019; 66:e27734.

11. Rossoff J, Chaudhury S, Soneji M, et al. Noninvasive diagnosis of infection using 
plasma next-generation sequencing: a single-center experience. Open Forum 
Infect Dis 2019; 6:ofz327.

12. Springer J, Lackner M, Nachbaur D, et al. Prospective multicentre PCR-based 
Aspergillus DNA screening in high-risk patients with and without primary anti
fungal mould prophylaxis. Clin Microbiol Infect 2016; 22:80–6.

13. Shannon VR, Andersson BS, Lei X, Champlin RE, Kontoyiannis DP. Utility of early 
versus late fiberoptic bronchoscopy in the evaluation of new pulmonary infiltrates fol
lowing hematopoietic stem cell transplantation. Bone Marrow Transplant 2010; 45: 
647–55.

14. De Pauw B, Walsh TJ, Donnelly JP, et al. Revised definitions of invasive fungal 
disease from the European Organization for Research and Treatment of 
Cancer/Invasive Fungal Infections Cooperative Group and the National 
Institute of Allergy and Infectious Diseases Mycoses Study Group (EORTC/ 
MSG) Consensus Group. Clin Infect Dis 2008; 46:1813–21.

15. Zhang D, Yang D, Makam AN. Utility of blood cultures in pneumonia. Am J Med 
2019; 132:1233–8.

16. Dadwal SS, Kontoyiannis DP. Recent advances in the molecular diagnosis of mu
cormycosis. Expert Rev Mol Diagn 2018; 18:845–54.

17. Hage CA, Carmona EM, Epelbaum O, et al. Microbiological laboratory testing in 
the diagnosis of fungal infections in pulmonary and critical care practice. An 
Official American Thoracic Society Clinical Practice Guideline. Am J Respir 
Crit Care Med 2019; 200:535–50.

784 • CID 2024:78 (15 March) • Bergin et al


	Plasma Microbial Cell-Free DNA Sequencing in Immunocompromised Patients With Pneumonia: A Prospective Observational Study
	METHODS
	Study Design and Participants
	Plasma Microbial Cell-Free DNA Sequencing Analysis
	Study Definitions
	Primary and Secondary Objectives
	Endpoint Adjudication Process
	Statistical Methods

	RESULTS
	Patients
	Pneumonia Diagnostic Outcome
	Additive Diagnostic Value
	Potential Clinical Impact of Plasma MCFDNA Sequencing
	Agreement

	DISCUSSION
	Supplementary Data
	Notes
	References




