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Even though central nervous system

cancers comprise a heterogeneous set of

tumors, nearly all will contain copy-

number alterations, making this a

putative multi-cancer biomarker.
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SUMMARY
It is often challenging to distinguish cancerous from non-cancerous lesions in the brain using conventional
diagnostic approaches. We introduce an analytic technique called Real-CSF (repetitive element aneuploidy
sequencing in CSF) to detect cancers of the central nervous system from evaluation of DNA in the cerebro-
spinal fluid (CSF). Short interspersed nuclear elements (SINEs) are PCR amplified with a single primer pair,
and the PCR products are evaluated by next-generation sequencing. Real-CSF assesses genome-wide
copy-number alterations as well as focal amplifications of selected oncogenes. Real-CSF was applied to
280 CSF samples and correctly identified 67% of 184 cancerous and 96% of 96 non-cancerous brain lesions.
CSF analysis was considerably more sensitive than standard-of-care cytology and plasma cell-free DNA
analysis in the same patients. Real-CSF therefore has the capacity to be used in combination with other clin-
ical, radiologic, and laboratory-based data to inform the diagnosis and management of patients with sus-
pected cancers of the brain.
INTRODUCTION

Central nervous system (CNS) neoplasms comprise a heteroge-

neous class of tumors that are either primary, i.e., originate in the

brain or the spinal cord, ormetastatic, i.e., cancers that spread to

the CNS from another organ. Approximately 24,500 cases of pri-

mary brain cancers occur a year in the United States, with the

most common being glioblastoma in adults and medulloblas-

toma in children.1 Metastatic spread to the brain is even more

common, accounting for 100,000 cases a year in the United

States, with lung and breast being the most frequent. Cancers

can spread to the brain matter itself, known as parenchymal me-
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tastases (PMs), or to the covering of the brain, known as lepto-

meningeal disease (LMD).

The small number of reliable, quantitative biomarkers for the

diagnosis and monitoring of cancers in the CNS poses chal-

lenges for diagnosis of patients with suspected brain cancers.

The current gold standard is cytology of cerebrospinal fluid

(CSF), which has a sensitivity that ranges from 2% to 50% de-

pending on the cancer type.2 To achieve maximum sensitivity,

cytology requires large (>10 mL) volumes of CSF, sometimes

necessitating serial lumbar punctures.3 Magnetic resonance

and other imaging procedures cannot reliably distinguish

cancer from inflammatory or other non-neoplastic processes.4
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Therefore, biopsy remains the only means for definitive diag-

nosis of CNS neoplasms. Brain biopsies require general anes-

thesia and hospitalization, are fraught with risks including neuro-

logical injury, are associated with substantial financial burden,

and, in up to 15% of cases, still do not yield a definitive

diagnosis.5–8

There have been several promising types of biomarkers pro-

posed to identify cancers of the CNS. Given the relative lack of

brain-derived analytes in the blood,9–12 CSF has become an

appealing biofluid for diagnosis.13–19 While CSF sampling is

more invasive than venipuncture, it is already part of the stan-

dard of care for the diagnosis or management of several types

of CNS disease. For example, in lymphomas, CSF is routinely

obtained for cytologic and flow cytometric tests. Though the

sensitivity of cytology for CNS cancers is relatively low, its spec-

ificity is high,2,20 and positive cytology results can be useful for

patient management. For example, patients with lymphoma

with CSF-positive cytology can be advised to proceed directly

to chemotherapy and radiation without biopsy, with a positive

impact on survival and quality of life.21,22

In the current study, we describe our efforts to develop a sim-

ple strategy, called Real-CSF (repetitive element aneuploidy

sequencing in CSF), for the evaluation of several of the most

common and debilitating forms of brain cancers: glioblastomas,

metastatic lesions, lymphomas, and medulloblastomas. These

assays were performed on DNA purified from 1 mL CSF,

including all cells and cell-free fluid within the CSF aliquot, and

evaluated chromosome abnormalities. We also compared

whether cell-free DNA from plasma could as easily detect such

chromosome abnormalities as CSF.

RESULTS

Patient characteristics
Two independent cohorts of patients were evaluated in this

study: a training set and a validation set. The training set was

composed of CSF samples from 85 patients: 31 with glioblas-

toma (GBM), 13 with metastasis from primary tumors outside

the brain, 7 with lymphoma, and 34 without cancer. The valida-

tion set was composed of CSF samples from 195 patients: 27

with GBM (five of which were pediatric H3K27M diffuse midline

gliomas), 52 with metastasis from primary tumors outside the

brain, 27 with CNS lymphoma, 23 with medulloblastoma, and

62 without cancer. Information with respect to the timing of the

CSF sample collection (prior to diagnosis or during management

of patients with known cancers) is recorded in Table S1. Thirteen

metastatic samples were previously analyzed and reported in

Naidoo et al.23 The CSF was obtained in almost all cases from

lumbar puncture or aspiration from a ventricular catheter placed

as part of standard of care. The demographics of the training and

validation sets are presented in Table S1.

Rationale and background of the assay
CNS neoplasms comprise a heterogeneous class of tumors and

an equally diverse landscape of genetic alterations. Identifying

the optimal combination of genetic markers that could encom-

pass all CNS cancers is difficult. There is often insufficient start-

ing material in CSF to query all somatic mutations and transloca-
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tions across all potential driver genes. Aneuploidy or the

presence of an abnormal number of chromosomes is a feature

of most CNS cancer cells.24 Nearly all GBM, medulloblastoma,

and metastatic cancers are aneuploid.24–26 CNS lymphoma

has a notably lower rate of aneuploidy but still occurs in the ma-

jority of these cancers (71%).24 We hypothesize that aneuploidy

could act as a viable biomarker for CNS cancers, with variation in

performance based on the prevalence of copy-number changes.

Here, we evaluate aneuploidy as a potential biomarker with a

simple PCR assay that uses a single primer pair to amplify

�350,000 short interspersed nuclear elements (SINEs)

throughout the genome.27 The PCR products can then be as-

sessed by massive parallel sequencing to identify chromosomal

gains and losses as well as focal amplifications and deletions.

The efficiency of PCR copying DNA is high (>90%) and has

even been able to reliably detect aneuploidy in as little as a few

pg DNA—representing half of a diploid cell.27 Given the limited

starting material in CSF, this assay is well suited to evaluate

aneuploidy as a possible CNS biomarker.28 We named this

approach Real-CSF.

Training set data
We used the training set to optimize the machine-learning algo-

rithms and other aspects of the analytic workflow. We first as-

sessed whether the presence of large-scale chromosome arm

gains and losses (aneuploidy) could detect cancerous lesions

with high specificity. To assess the degree of aneuploidy, Zw

scores for each of the 39 non-acrocentric chromosome arms

in each sample were calculated (detailed in the STAR Methods).

These chromosome arm-level Zw scores were then integrated

into a single score, called the global aneuploidy score. The global

aneuploidy score reflects the likelihood that a sample has gained

or lost at least one chromosome, with themagnitude of the score

reflecting both the number of chromosome arms that were

altered as well as the fraction of cells in the CSF in which these

changes occurred.

Based on cross-validation in the training set, we established a

global aneuploidy score threshold of 0.25 for subsequent valida-

tion. This threshold correctly identified 63% (95% confidence in-

terval [CI], 48%–75%) of the 85 CSF samples from patients with

cancer—58%of patients with GBM, 92%of patients withmetas-

tases to the brain, and 29% of patients with lymphomas. Of the

34 patients with brain lesions but without cancer, none had

global aneuploidy scores <0.25, yielding a specificity of 100%

(95% CI, 90%–100%).

We next sought to determine whether the evaluation of focal

amplifications of oncogenes, i.e., those involving only a small re-

gion surrounding an oncogene rather than the entire chromo-

some arm on which the oncogene is located, could detect other

CNS cancers using data generated with RealSeqS (STAR

Methods). For this analysis, we first selected oncogenes that

were relatively frequently amplified in CNS cancers based on

data from TheCancer GenomeAtlas (TCGA).29 Using the training

cohort to assess the potential value of these genes, we narrowed

the list to four genes—MDM4, EGFR, CDK4, and HER2, with

genomic coordinates listed in Table S2.

For each of these four genes, we calculated a focal amplifica-

tion score and a threshold for positivity in an analogous way to



Figure 1. Representative focal changes used in Real-CSF

The Real-CSF focal panel calls focal changes surrounding the following genes: (A) 1.5 M focal amplification of MDM4 at 1q32.1 (chr1: 203,800,000–205,300,000

hg19); (B) 3.5 MB focal amplification of CDK4 at 12q14.1 (chr12: 57,600,000–61,100,000 hg19); (C) 1.5 MB focal amplification of EGFR at 7p11.2 (chr7:

54,200,000–55,700,000 hg19); and (D) 2.5 MB focal amplification of ERBB2 17q12 (chr17: 35,300,000–37,800,000 hg19)
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that described above for the global aneuploidy score. We found

that 31% (95% CI, 20%–46%) of the 85 CSF samples from pa-

tients with CNS cancers scored positively (examples in Figure 1).

Using a Boolean OR gate, we defined a sample as positive in

Real-CSF if it scored positively either for global aneuploidy or

for a focal amplification of any of the four genes. Two-thirds

(67%; 95%CI, 52%–79%) of the samples from patients with can-

cers scored positively in this composite Real-CSF assay,

including 65% of the patients with GBM, 92% of the patients

with metastatic lesions to the brain, 29% of the patients with lym-

phomas, and no patients without a CNS cancer (Table S3).

Validation set
The validation set provided an opportunity to independently

assess the sensitivity and specificity of Real-CSF. Importantly,

the validation set included samples from four different institu-

tions, while samples in the training set were all from only one

of these four institutions. This multi-institutional acquisition

was intentionally designed to minimize confounders that can

be observed when a classification method based on samples

from a single institution is applied to samples from other

institutions.30 The validation set also included patients with

medulloblastoma, a tumor type not represented in the training

set but expected to exhibit aneuploidy as well as focal

amplifications.

Using the thresholds pre-defined by the training set data, 68%

of the patients with cancer scored positively (95% CI, 59%–

76%). This included 74% of patients with GBM, 73% of patients

with metastatic lesions, 41% of patients with lymphomas, and

78%of patients with medulloblastomas (Table 1). Of the 62 sam-

ples from patients without CNS cancers in the validation set, four

(6.4%; 95% CI, 5.6%–12%) scored positively in Real-CSF. No

sample type present in both the training and the validation sets

had statistically different detection rates (p > 0.05 two-propor-

tion Z-test).

Survival analysis
There were sufficient follow-up data to analyze progression-free

survival (PFS) and overall survival (OS) in subjects with GBM

treated at one of the institutions, JHU. Of the 14 patients with

newly diagnosed GBM, 10 had detectable levels of CSF-tDNA,

while 4 did not. The individuals with detectable levels of CSF-
tDNA had an OR of 5.1 (p = 0.02, log-rank test; Figure S1A) for

disease progression when compared with those without CSF-

tDNA detection. Of the 29 patients with newly diagnosed and

recurrent GBM, 20 had detectable levels of CSF-tDNA, and 9

had undetectable levels. The cases with detectable CSF-tDNA

had an OR of 2.4 for poorer OS (p = 0.011, log-rank test; Fig-

ure S1B). The average survival for individuals with IDH mutant

GBM is three times as long as for individuals with IDH wild-

type GBM.31 Only 2 samples were IDH mutant, and both were

Real-CSF positive. The fact these and other individuals that

were positive had a poorer OS suggests that Real-CSF is detect-

ing biological behavior.

Concordance with whole-genome sequencing
To orthogonally validate the copy-number alterations identified

by Real-CSF, we performed conventional whole-genome

sequencing (WGS) on the CSF DNA from 43 patients with CNS

cancers and from 28 without cancer. The sequencing depth

averaged �34.3 M read pairs, and copy-number alterations

were identified with WisecondorX (see STAR Methods).32

Among the 43 cancer samples, Real-CSF identified 106 chromo-

some arm-level gains (Z > 7.5) and 126 losses (Z < �7.5). Nearly

all of these gains (96%) and losses (90%) were identified with

WGS. The majority of the chromosome arms gains or losses (9

of 17) that were identified with Real-CSF, but not with WGS,

had Z scores (Z > 5 or < �5) just below the Z score of [7.5]

required for positivity. Of the 28 CSF DNA samples from patients

without cancer, 1,091 of 1,092 of the chromosome arms evalu-

ated (39 arms 3 28 patients) were identified as euploid by

WGS. The one arm that was aneuploid in one patient was chro-

mosome (chrom) 19p, which has been reported to have a rela-

tively high false positive rate with WGS.32 Notably, Real-CSF

scored all 1,092 chromosome arms as euploid.

Comparison with cytology
Of the 121 patients with cancer from either the training or valida-

tion sets in whom cytology was available, only 28 (23%; 95%CI,

16%–32%) were detectable by cytology. The sensitivity of Real-

CSF in the same 121 patients was 69%, considerably higher than

that of cytology (Figure 2B; p < 2.2e�16 binomial proportions

test). However, not all patients who had positive cytology also

scored positively with Real-CSF, or vice versa (Figure 3B).
Cell Reports Medicine 4, 101148, August 15, 2023 3



Table 1. Summary of patient cohorts and performance metrics

Non-cancer GBM Metastasis Lymphoma Medulloblastoma

Specificity (%) n Sensitivity (%) n Sensitivity (%) n Sensitivity (%) n Sensitivity (%) n

Training 100 34 65 31 92 13 29 7 N/A 0

Validation 94 62 74 31 73 52 41 27 78 23
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Together, either Real-CSF or cytology was positive in 73% (95%

CI, 64%–80%) of cases.

Analysis of plasma from patients with CNS cancers
Given that plasma is much more easily accessible than CSF, it

was of interest to determine whether plasma could substitute

for CSF in RealSeqS assays for aneuploidy or focal amplifica-

tions. We have previously described STAR Methods to

compute global aneuploidy and focal amplification scores in

cell-free DNA (cfDNA) from plasma from individuals without

cancer and in patients with cancers of organs other than the

brain. In the current study, we evaluated plasma in 65 patients

with CNS cancers (GBM, lymphoma, or medulloblastoma;

Table S4). We also evaluated plasma samples from 185 non-

cancer individuals (trigeminal neuralgia, hydrocephalus, and

neurodegenerative diseases) to assess specificity. Positive

global aneuploidy scores were obtained in nine of the 65 pa-

tients with cancer (sensitivity of 14%; 95% CI, 6.9%–25%)

and in two of the 185 controls (specificity of 98.9%; 95% CI,

96%–100%). No focal amplifications were observed in the

plasma of patients with or without cancer.

Thirty-five of the 65 patients with brain cancer who donated

plasma had also donated CSF (Table S4). In these matched

samples, 66% (95% CI, 48%–81%) of the CSF samples scored

as positive, while 23% (95% CI, 10%–40%) of the plasma

samples scored as positive. Five patients scored positively in

both plasma and CSF (Figure 2C). Eighteen of the 35 patients

scored positively in CSF but not in plasma, and conversely,

three patients scored positively in plasma but not CSF (Fig-

ure 3C). Thus, at similar specificities, CSF DNA was a more

sensitive analyte than plasma cfDNA for the detection of chro-

mosomal alterations (p < 0.00001, Z score for 2 population

proportions).

DISCUSSION

Biomarkers for distinguishing non-neoplastic from neoplastic

lesions can help resolve the diagnostic conundrum that is

posed for the thousands of patients with space-occupying le-

sions of the brain each year. There are many types of non-

neoplastic processes that can present with an imaging abnor-

mality that mimics a brain tumor. Correctly identifying these

abnormalities as non-malignant is important because such pa-

tients rarely benefit from surgical biopsy and can almost always

be managed non-operatively, and a diagnosis other than CNS

malignancy can alleviate much of the anxiety experienced by

patients without cancer after imaging. In contrast, patients

with cancer could benefit from correct diagnosis by spurring

immediate consultation with appropriate neurosurgical and

oncology specialists.
4 Cell Reports Medicine 4, 101148, August 15, 2023
The ideal biomarker would not require brain tissue, would

require only a small amount of CSF, would be simple to inter-

pret, would be relatively inexpensive, could identify a myriad

of cancer types, and could be readily automated. Real-CSF sat-

isfies all of these criteria and appears to be more informative

than cytology, the current gold standard. Previous studies

have demonstrated that low-pass WGS can identify chromo-

somal copy-number alterations in the CSF from individuals

with select brain cancers.13,14,33 WGS has some advantages

over Real-CSF, as it can detect translocations as well as other

genetic events that do not involve SINE elements. Conversely,

Real-CSF has distinct advantages over WGS, as the former is

less expensive, does not require library preparation, and re-

quires minimal starting material.

The ability to identify amplifications and deletions is of

increasing importance in neuro-oncology. They can identify

potential therapeutic targets and help distinguish different

categories of brain cancers. For example, based on imaging

and clinical findings, GBM and lymphoma can have overlap-

ping presentations but face drastically different clinical ap-

proaches. Real-CSF has the potential to distinguish between

these entities based on patterns of chromosomal alterations

and apparent somatic mutations. GBM frequently has gains

on 7p and 7q and losses on 10p and 10q—all infrequently

observed in lymphoma. Conversely, lymphoma often has a

gain on 18q and very few chromosome arm losses. These chro-

mosomal alterations alone could accurately distinguish 73% of

the Real-CSF-positive GBM and lymphomas in the current

cohort. With additional samples, we anticipate that the perfor-

mance will improve and will allow for accurate identification

and classification of other cancer types beyond just those

tested in the current study. For example, though we did not

examine samples derived from individuals with oligodendro-

glioma, we anticipate being able to identify the canonical 1p/

19q co-deletion.

The standard-of-care treatment for GBM includes concomi-

tant chemo- and radiation therapy. Discerning true disease

recurrence from treatment-related changes (pseudoprogres-

sion) on imaging can be very challenging.34 Frequently, individ-

uals are taken to surgery for pathological confirmation of disease

status, and approximately 30% of cases are negative and only

have treatment effect on histological examination.35 If a

biomarker was able to discern active disease from pseudoprog-

ression, it may obviate the need for surgery in select patients.

GLIA 566 is a case that suggests Real-CSF may be able to serve

as such a biomarker. The subject had completed treatment with

temozolomide and radiation therapy but was found to have pro-

gressive enhancement on MRI and was taken to surgery to

distinguish tumor progression from treatment effect. Real-CSF

accurately demonstrated active disease, which was confirmed
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Figure 2. Evaluation of Real-CSF

(A) Comparison of performance of Real-CSF in the training and validation partitions. Medulloblastoma is not illustrated in this figure because it was not included in

the training set.

(B) Comparison of performance of Real-CSF with cytology.

(C) Comparison of Real-CSF performance in CSF and plasma.

Error bars represent confidence intervals as calculated by the Wilson score interval.
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upon pathological examination. The opposite was true for GLIA

543, where the individual was taken for surgical resection for

suspected recurrence after chemotherapy and radiation therapy

for GBM. Histopathological examination did not demonstrate

active disease and was deemed to have pseudoprogression.

Real-CSF was negative in this case and was able to accurately

reflect what was seen upon pathological examination. In the

future, testing with an assay such as Real-CSF may help accu-

rately identify disease status without the need for neurosurgical

intervention.

One of the strengths of our study is that it is the first to report a

relatively large number (96) of CSF samples from patients

without cancer but with a variety of other neurological conditions

that can mimic cancer. These included patients with inflamma-

tory, autoimmune, degenerative, congenital, and vascular condi-

tions affecting the brain and CNS. Even so, the specificity in the

validation set was 94%, comparable to CSF cytology.2 While
A B

Figure 3. Venn diagrams

(A) Overlap of samples identified based on the global aneuploidy score (GAS) an

(B) Overlap of calls based on cytology and Real-CSF.

(C) Overlap of Real-CSF calls in matched CSF and plasma samples.
survival data were available for only a small fraction of subjects,

our results suggest that individuals with positive CSF-tDNA

levels have worse PFS and OS.

In summary, Real-CSF is a simple molecular assay that can

assess the presence of aneuploidy using a single primer pair to

aid in the management of patients with suspected cancers of

the brain. We envision several clinical applications for Real-

CSF use. Formaximum sensitivity, Real-CSF could be combined

with mutation or methylation markers while retaining specificity.

Samples with limited input DNA, however, may not have suffi-

cient material for mutation or methylation analysis let alone

querying multiple analytes. Real-CSF works in ultra-low concen-

trations as little as a few pg and could aid in diagnosis when there

is insufficient material for other analytes. In some clinical settings

such as pediatric patients, Real-CSF could act as a stand-alone

test given the relative paucity of somatic mutations in many brain

cancers of childhood.36,37
C

d panel of focal amplifications.
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Limitations of the study
Our study has several limitations. Although the total number of

samples is reasonably large compared with previously published

CSF biomarker studies, confidence limits for subtypes of can-

cers could be narrowed by studying more patients. Second,

we defined thresholds based on the training set and then used

them to assess performance in an independent validation set

derived from several different institutions. The optimal way to

define thresholds for Real-CSF would be to use the training set

to develop the model, use the validation set to define the thresh-

olds, and then use a third, independent cohort (a ‘‘test set’’) to

establish sensitivity and specificity. We did not have a sufficient

number of samples to achieve this in the current study. However,

the similarity in performance of the training and validation sets

suggests that we will achieve similar sensitivities and specific-

ities in independent cohorts in the future. A third limitation is

that this study was retrospective in nature. A large, prospective

study will be required to document that Real-CSF can become

a useful diagnostic tool. The results reported here establish the

conceptual and practical foundation for such a future study,

which could have an impact on standard of care.
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Oligonucleotides (Reverse Primer) IDT cacacaggaaacagctatgaccatgCCTCCTAAGTAGCTGGGAC

TACAG

Other

Beads Beckman # a63880

NEBNext Ultra II Q5 Master Mix New England Biolabs #M0544S

Deposited data

Sequencing Data This Paper European Genome Archive Study ID: EGAS00001007401

Software and algorithms

Bioinformatics Scripts This Paper Zenodo: https://zenodo.org/record/3656943#.YaZZCdDMKUk
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Chetan

Bettegowda (Cbetteg1@jhmi.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d De-identified raw data have been deposited at the European Genome Archive using Study ID: EGAS00001007401.

d The bioinformatic pipeline is available at https://zenodo.org/record/3656943#.YaZZCdDMKUk.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Sample acquisition
This study was cross-sectional in design. Patients were recruited as part of an Institutional Review Board-approved, multi-insti-

tutional study to develop biomarkers for central nervous system tumors using cerebrospinal fluid. The four institutions

involved (Johns Hopkins, University of Michigan, Penn State University, Children Tissue Brain Tumor Tissue Consortium

(CBTTC)) are tertiary centers that care for patients referred for management of central nervous system tumors. In general, patients

underwent sampling on the day of enrollment and only tumors with radiographic confirmation with contrast enhanced MRI were

included in the study. Radiographic findings of disease were based on the findings of a board certified-neuroradiologist at each

site. In total there were 280 samples collected for this study. Pathologic diagnosis for all cases was verified by board-certified

neuropathologists at the site of enrollment. Patients whose diagnosis was GBM, CNS lymphoma, medulloblastoma or metastasis

from outside the brain comprised the true positive subset. Patients who were not diagnosed with any neoplastic disease

comprised the true negative set. We were able to assess plasma samples from 65 cancer patients of which 35 had matched

CSF for comparison purposes.

Samples were pre-specified into training and validation cohorts based simply on the time at which the sample became available for

evaluation in our laboratory at Johns Hopkins. An initial batch of samples from Johns Hopkins were labeled as training samples. To

reduce potential cohort biases and overfitting from machine learning, all samples from the Penn State University, CBTTC, and the

University of Michigan were labeled as validation samples. The remaining Johns Hopkins samples not evaluated in the initial batch

of samples were included in the validation set.
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DNA purification
CSF was frozen in its entirety at -80�C until DNA purification, and the entire volume of CSF (cells plus fluid) was used for DNA puri-

fication. The amount of CSF used for purification ranged from 0.5 to 1 mL. CSF using Biochain reagents according to the manufac-

turer’s instructions (catalog #K5011625MA). Note that the K5011625MA workflow is designed for plasma, but we used it both for

purifying CSF and for purifying plasma.

Real-CSF
A single primer pair was used to amplify �350,000 short interspersed nuclear elements (SINEs) spread throughout the genome.27

PCR was performed in 25 uL reactions containing 7.25 uL of water, 0.125 uL of each primer, 12.5 uL of NEBNext Ultra II Q5 Master

Mix (New England Biolabs cat #M0544S), and 5 uL of DNA. The cycling conditions were: one cycle of 98�C for 120 s, then 15 cycles of

98�C for 10 s, 57�C for 120 s, and 72�C for120 s. Each sample was assessed in eight independent reactions, and the amount of DNA

per reaction varied from�0.1 ng to 0.25 ng. A second round of PCRwas then performed to add dual indexes (barcodes) to each PCR

product prior to sequencing. The second round of PCR was performed in 25 uL reactions containing 7.25 uL of water, 0.125 uL of

each primer, 12.5 uL of NEBNext Ultra II Q5 Master Mix (New England Biolabs cat # M0544S), and 5 uL of DNA containing 5% of

the PCR product from the first round. The cycling conditions were: one cycle of 98�C for 120 s, then 15 cycles of 98�C for 10 s,

65�C for 15 s, and 72�C for 120 s. Amplification products from the second round were purified with AMPure XP beads (Beckman

cat # a63880), as per the manufacturer’s instructions, prior to sequencing.

Sequencing was performed on an Illumina HiSeq 4000. The sequencing reads from the 8 replicates of each sample were summed

for bioinformatic analysis. The average number of the summed, uniquely aligned reads was 10.5 million (interquartile range, 8.0-12.7

million). The bioinformatic methods and pipeline used to process the raw sequencing data are available at (https://zenodo.org/

record/3656943#.YaZZCdDMKUk).

Chromosome copy number alterations in CSF DNA
Copy number alterations for CSF samples were calculated using the Within Sample Aneuploidy Detection Algorithm (WALDO).28 For

this analysis, we generated a reference panel from 15 non-cancer CSF samples. For all samples in the reference panel, read depths

were aggregated into 5,344 non-overlapping autosomal 500-kb intervals. The depths were normalized to account for coverage dif-

ferences. PCA Normalization was performed for the euploid reference panel for all 5,344 500kb intervals. This type of normalization

attempts tomitigate the impact of highly correlated regions and limit potential technical artifacts. A full protocol of this normalization is

detailed in Douville et al. 2020.27

After generating a reference panel, copy number analysis could be performed on test samples. For each test sample, read depths

were aggregated across the 5,344 non-overlapping autosomal 500-kb intervals. PCA normalization was performed. Chromosome

arms were segmented using the circular binary segmentation algorithm (CBS).38 Germline copy number variations and outlier inter-

vals were excluded and statistical significance was determined across the entire arm. This procedure was performed for all 39 non-

acrocentric chromosome arms. The test sample’s 39 chromosome arms were evaluated using a previously built supervised machine

learning algorithm. This model generates a Global Aneuploidy Score (GAS) to discriminate between aneuploid and euploid samples.

The predictive features of the model are the 39 chromosome arms (Zw). The training examples were 3,999 previously published

plasma samples. The negative class of 1348 presumably euploid samples were taken from individuals without cancer. The positive

class was taken from 2651 aneuploid samples across 8 different cancer types. We specifically built a support vector machine (SVM)

and trained the model with the e1071 package in R, using a radial basis kernel and default parameters. The full bioinformatic pipeline

is available at https://zenodo.org/record/3656943#.YaZZCdDMKUk.

Chromosome copy number alterations in plasma cfDNA
To identify copy number alterations in plasma we repeated the steps from above but made one key change. We reconstructed the

euploid reference panel using a set of 1,500 euploid plasma samples. We then repeated the same protocol as above to calculate the

statistical significances for each arm and generate Global Aneuploidy Scores.

Focal amplifications
RealSeqS amplicons overlapping the genomic coordinates of the gene of interest, plus 1 Mb on either side of the gene, were iden-

tified. The summed read counts (Observedgene) across these amplicons were then determined for each sample. We estimated the

expected read depth for a particular gene of interest using our reference panel (mgene).

For each test sample, we calculated the total autosomal sequencing depth (Coverage). Wemultiplied (mgene) which was calculated

from the reference panel by the observed coverage in our test sample to estimate the expected number of reads across the gene of

interest (lgene) for the given coverage. We assumed that the count data followed a Poisson distribution. Then, we aggregate the read

depth across the gene of interest (Observedgene) for this test sample. We calculated the statistical significance for each gene of

interest using the following equation.
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Zgene =
Observedgene � lgeneffiffiffiffiffiffiffiffiffiffi

lgene
p

This protocol was followed for both CSF and plasma samples. The only difference between CSF and plasmawas the euploid refer-

ence panel used to generate the expected depth for each gene, as noted above. Scores for both CSF and plasma are detailed in

Table S2.

WGS
We developed a custom library preparation workflow that can efficiently recover input DNA fragments and simultaneously incorpo-

rate double-stranded molecular barcodes. Conceptual and practical details of this strategy are discussed in Wang et al.39 In brief,

libraries were prepared with both cell-free DNA and genomic DNA in the CSF using an Accel-NGS 2S DNA Library Kit (Swift Biosci-

ences, 21024) with the following critical modifications: (1) DNA was pretreated with 3 U of USER enzyme (New England BioLabs,

M5505L) for 15 min at 37�C to excise uracil bases; (2) the SPRI bead/PEG NaCl ratios used after each reaction were 2.03, 1.83,

1.23 and 1.053 for end repair 1, end repair 2, ligation 1 and ligation 2, respectively; (3) a custom 50 mM 30 adapter was substituted

for reagent Y2 and a custom 42 mM 50 adapter was substituted for reagent B2. Libraries were subsequently PCR amplified in 50-ml

reactions using primers targeting the ligated adapters. The following reaction conditions were used: 13 NEBNext Ultra II Q5 Master

Mix (New England BioLabs, M0544L), 2 mMuniversal forward primer and 2 mMuniversal reverse primer. Libraries were amplified with

5, 7 or 11 cycles of PCR, depending on how many experiments were planned, according to the following protocol: 98�C for 30 s,

cycles of 98�C for 10 s, 65�C for 75 s and hold at 4�C. If five or seven cycles were used, the libraries were amplified in single

50-ml reactions. If 11 cycles were used, the libraries were divided into eight aliquots and amplified in eight 50-ml reactions, each sup-

plemented with an additional 0.5 U of Q5 Hot Start High-Fidelity DNA Polymerase (New England BioLabs, M0493L), 1 ml of 10 mM

dNTPs (New England BioLabs, N0447L) and 0.4 ml of 25 mM MgCl2 solution (New England BioLabs, B9021S). The products were

purified with 1.83 SPRI beads (Beckman Coulter, B23317) and eluted in EB buffer (Qiagen). An average of 34.3 M unique reads pairs

per sample (IQR 29.2M to 38.8M were obtained. Copy number alterations were identified with WisecondorX using 500kb intervals

and default parameters.

QUANTIFICATION AND STATISTICAL ANALYSIS

Performance comparisons between the training and validation sets were assessedwith the ZScore for 2 Population Proportions. The

survival statistics were assessed using the log rank test.
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