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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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