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Utilizing phenotypic characteristics of metastatic brain tumors to improve
the probability of detecting circulating tumor DNA from cerebrospinal fluid
in non-small-cell lung cancer patients: development and validation of a
prediction model in a prospective cohort study
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Background: Circulating tumor DNA (ctDNA) in cerebrospinal fluid (CSF) has become a promising surrogate for genomic
profiling of central nervous system tumors. However, suboptimal ctDNA detection rates from CSF limit its clinical utility.
Thus precise screening of suitable patients is needed to maximize the clinical benefit.
Patients and methods: BetweenFebruary2017andDecember2020, 66newlydiagnosednon-small-cell lungcancer (NSCLC)
patientswith brain parenchymalmetastaseswere prospectively enrolled as a training cohort and 30 additional patientswere
enrolled as an external validation cohort. CSF samples and matched primary tumor tissues were collected before treatment
and subjected to next-generation sequencing (NGS). The imageological characteristics of patients’ brain tumors were
evaluated by radiologists using enhanced magnetic resonance imaging images. The clinical and imageological
characteristics were evaluated by complete subsets regression, Akaike information criteria, and Bayesian information
criteria methods to establish the prediction model. A nomogram was then built for CSF ctDNA detection prediction.
Results: The somatic mutation detection rate of genes covered by our targeted NGS panel was significantly lower in CSF
ctDNA (59.09%) than tumor tissue (91.84%). The Tsize (diameter of the largest intracranial lesion) and LVDmin (minimum
lesioneventricle distance for all intracranial lesions) were significantly associated with positive CSF ctDNA detection,
and thus, were selected to establish the prediction model, which achieved an area under the ROC curve (AUC) of
0.819 and an accuracy of 0.800. The model’s predictive ability was further validated in the independent external
cohort (AUC of 0.772, accuracy of 0.767) and by internal cross-validation. The CSF ctDNA detection rate was
significantly improved from 58.18% (32/55) to 81.81% (27/33) in patients after model selection (P ¼ 0.022).
Conclusions: This study developed a regression model to predict the probability of detecting CSF ctDNA using the
phenotypic characteristics of metastatic brain lesions in NSCLC patients, thus, maximizing the benefits of CSF liquid biopsies.
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INTRODUCTION

Brain metastases are common in patients with advanced
non-small-cell lung cancer (NSCLC) and always lead to
poor prognosis.1 The genetic heterogeneity of brain
metastasis compared with their primary tumors, as well
as their different clinical responses have increasingly
been acknowledged, which is crucial for the diagnosis and
optimal treatment of cancer.2,3 Recently, cerebrospinal
fluid (CSF) has been explored as a promising source of
circulating tumor DNA (ctDNA) to characterize brain ma-
lignancies, as obtaining intracranial tumor samples is
https://doi.org/10.1016/j.esmoop.2021.100305 1
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invasive, particularly in cases with multiple brain metas-
tases.4,5 Several studies showed that CSF ctDNA is more
abundant and comprehensively representative of the
genomic alterations of brain tumors than plasma.6-8

However, the suboptimal ctDNA detection rate from
CSF, which is 50%-60% according to recent studies,7,8 may
limit its clinical applicability. The collection of CSF through
a lumbar puncture is minimally invasive, but imparts
multiple risks, including nerve damage, infection, and
pain during and after the procedure. Therefore there is an
urgent clinical need to screen patients for informative
ctDNA analyses prior to CSF collection. At present, no
study has explored the effects of clinical factors on ctDNA
detection rates from CSF. In this study, we sought to
investigate the association of clinical and imageological
features of brain lesions with the probability of detecting
CSF ctDNA in lung cancer patients with brain metastasis.
We then developed a model to predict CSF ctDNA
detection to maximize the clinical benefits by avoiding
unnecessary health care costs and examinations.

METHODS

Study design and participants

This was a prospectively designed, observational study
(NCT03257735) that included 66 newly diagnosed NSCLC
patients with parenchymal brain metastases confirmed by
magnetic resonance imaging (MRI) at Sun Yat-sen University
2 https://doi.org/10.1016/j.esmoop.2021.100305
Cancer Center between February 2017 and December 2019.
Patients were eligible to participate in the study if they met
the following criteria: (1) 18-75 years of age and an ECOG PS
(Eastern Cooperative Oncology Group Performance Status)
�2; (2) histologically confirmed NSCLC; (3) parenchymal
brain metastases confirmed by enhanced brain MRI at the
primary diagnosis; (4) treatment naïve (no previous sys-
temic anticancer treatment or radiotherapy for brain me-
tastases); (5) no contraindication for lumbar puncture. The
main exclusion criteria included patients that had previously
received treatment, had obvious central nervous system
(CNS) symptoms that required local treatment, brain
metastasis that occurred during treatment, any contraindi-
cation for lumbar puncture, or severe uncontrolled systemic
disease. An additional independent cohort of 30 NSCLC
patients with parenchymal brain metastases was recruited
to validate the model between January 2020 and December
2020. This study was approved by the Ethics Committee of
the Guangdong Association Study of Thoracic Oncology
(GASTO ID:1028, Approval No. A2017-003). All patients
provided informed written consent to participate in the
study and provide samples for research purposes.
Collection of clinical and imageological characteristics

Patients’ clinical data, including sex, age, and smoking, were
analyzed. CNS symptoms were rated by the treating physi-
cians. Patients’ enhanced MRI images were interpreted by
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two experienced radiologists (LZ and YL) who were blind to
patients’ clinical information. Imageological parameters,
including Tnum (total number of intracranial lesions), Tsize
(diameter of the largest intracranial lesion), LLVD (shortest
lesioneventricle distance for the largest intracranial lesion),
and LVDmin (minimum lesioneventricle distance for all
intracranial lesions) were used for further analyses
(Figure 1). In cases of disagreement, the images were re-
evaluated until a consensus was reached between the
radiologists.
Next-generation sequencing and data processing

CSF samples and tumor tissues were collected before
treatment. Within 4 h of CSF collection (3-5 ml), the cellular
fraction was removed using two-step centrifugation at 4�C
(1900g for 10 min followed by 16 000g for 10 min). The
supernatants were stored at �80�C until further analysis.
ctDNA was extracted using the QIAamp Circulating Nucleic
Acid Kit (Qiagen) and analyzed using hybridization-capturee
based targeted next-generation sequencing (NGS) of 425
cancer-related genes in a Clinical Laboratory Improvement
Amendments and College of American Pathologists
accredited testing laboratory (Nanjing Geneseeq Technol-
ogy, Jiangsu, China), as previously described.9-11 Genomic
DNA from patients with available extracranial tumor biopsy
samples (5-10 formalin-fixed paraffin-embedded slides) was
extracted using the QIAamp DNA FFPE Tissue Kit (Qiagen)
and sequenced using the NGS panel of 425 cancer-related
genes. Targeted enriched libraries were sequenced on the
Illumina HiSeq 4000 platform (Illumina), with variant calling
and data analyses performed as previously described.9-11
Figure 1. Illustration depicting the lesion-to-ventricle distance (LVD).
Coronal, sagittal, and horizontal cross sections of the brain are shown with two lesi
ventricles are shaded blue. The double-headed arrows indicate the distance between t
LLVD and LVDmin.
LVD_I, distance of lesion I to the ventricle; LVD_II, distance of lesion II to the ventricle;
lesions to the ventricle.
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Feature selection

The association between different features, including pa-
tients’ clinical and MRI imageological characteristics (Tsize,
LLVD, and LVDmin), were analyzed using Pearson’s correla-
tion in R version 3.3.2 (R foundation for Statistical
Computing, Vienna, Austria). Two features with a correlation
coefficient >0.75 were considered as highly correlated
variables. Independent features were then measured using
both univariate logistic regression (R package, rms) and
variable importance estimation (R package, caret).
Logistic regression model and nomogram construction

Complete subset regressions for all combinations of fea-
tures were used to select the best fitting model (R package,
leaps). Akaike information criteria (AIC) and Bayesian in-
formation criteria (BIC) were used to measure candidate
model forecasts.

Model performance was further validated by the following:
(i) an external independent validation cohort; and (ii) simple
random sampling cross-validation in the training cohort. Pa-
tients in the training cohort were randomly partitioned into a
7 : 3 ratio 100 times with 70% of the samples being the
training cohort and the rest being the validation cohort. (iii)
The model was also assessed by the leave-one-out cross-
validation method in the training cohort. The predictive
performance was evaluated based on the area under the ROC
curve (AUC), accuracy, sensitivity, and specificity (R package,
pROC). A predictive nomogram was constructed based on
model fine-tuning results using the R package, rms. All ana-
lyses were conducted using R version 3.3.2.
ons denoted by a green circle (I) and a red star (II). Lesion II is the largest. The
he lesions and ventricles. The bottom right equations show the calculations of the

LLVD, distance of the largest lesion to the ventricle; LVDmin, minimal distance of all
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RESULTS

Patients’ clinical and MRI imageological characteristics

The study CONSORT (Consolidated Standards of Reporting
Trials) diagram is shown in Figure 2. The median age of the
training cohort was 56 years and ranged from 28 to 72
years. Approximately 62% (41/66) of patients were male
and over half of the cohort (39/66) had no history of
smoking. Most patients (79%, 52/66) were diagnosed with
lung adenocarcinoma and 53% (35/66) of patients exhibited
CNS symptoms at diagnosis. The imageological characteris-
tics of brain lesions are summarized in Table 1. A total of 55
patients who had confirmed values for Tsize, LLVD, and
LVDmin were included for modeling. The median Tsize was
18 mm and ranged from 6 to 38 mm. Twenty-two of the
55 patients had equal values of LLVD and LVDmin when the
largest lesion was closest to the ventricle. The median LLVD
and LVDmin was 17.7 and 4.6 mm, respectively.
CSF ctDNA detection in brain metastatic NSCLC patients

In the training cohort (N ¼ 66), CSF samples from all pa-
tients were subject to genetic profiling by NGS. Forty-nine
of those patients also had matched primary tumor tissues
available for analysis. The detection rates of somatic mu-
tations in CSF ctDNA (59.09%) were significantly lower than
those in tumor tissues (91.84%). For patients with matched
CSF ctDNA and tumor tissue samples, a high degree of
genetic heterogeneity was observed between the primary
From February 2017 to December 2019, newly 

diagnosed NSCLCs with brain metastases were screened

66 CSF samples and 49 paired primary tumor samples 

were collected and subjected to NGS

66 patients enrolled in this study

55 patients who had confirmed imageological values 

were included in the training cohort for modeling

Patients’ imageological ch

tumors were evaluated by 

enhanced brain MRI imag

Exclusion criteria:

• Received treatment pr

• Brain metastases occu

• Obvious CNS symptom

• Any contraindication f

• Severe uncontrolled sy

Figure 2. CONSORT diagram of the study.
CNS, central nervous system; CONSORT, Consolidated Standards of Reporting Trials; C
sequencing; NSCLC, non-small-cell lung cancer.

4 https://doi.org/10.1016/j.esmoop.2021.100305
tumor tissue and brain metastases, as sequenced using CSF
liquid biopsy. More specifically, approximately half of the
patients (26/49) had detectable somatic mutations in both
sample types, while 19 patients had mutations only in the
tumor tissue, and 2 patients had mutations in their CSF
ctDNA only. The remaining two patients had no mutations
in either sample (Supplementary Figure S1 and Table S1,
available at https://doi.org/10.1016/j.esmoop.2021.100
305).
Features selection

To establish a model for CSF ctDNA detection, we first
examined the correlation between patients’ clinical and
imageological features, including age, sex, CNS symptom,
Tsize, LLVD, and LVDmin (Figure 3A). Notably, Tnum was not
applicable for patients who had dispersed tumor cells in the
brain. The detailed feature information of each patient is
provided in Supplementary Table S2, available at https://
doi.org/10.1016/j.esmoop.2021.100305. All features were
considered independent according to the Pearson correla-
tion coefficients (r2 < 0.75). In univariate analyses of all
factors, Tsize, LLVD, and LVDmin were identified as signifi-
cantly associated with detectable CSF ctDNA, and Tsize and
LVDmin were confirmed by multivariate logistic regression
(Table 2). Variable importance analyses from the R package
Caret based on a 10-times fivefold cross-validation also
revealed that Tsize, LLVD, and LVDmin were the top three
From January 2020 to December 2020,

an additional independent cohort was screened

aracteristics of brain 

radiologists using 

es 

eviously

rred during treatment

s

or lumbar puncture

stemic disease

30 patients enrolled in this study

30 CSF samples were collected and 

subjected to NGS 

30 patients were included in the validation

cohort to evaluate the model performance

SF, cerebrospinal fluid; MRI, magnetic resonance imaging; NGS, next-generation

Volume 7 - Issue 1 - 2022

https://doi.org/10.1016/j.esmoop.2021.100305
https://doi.org/10.1016/j.esmoop.2021.100305
https://doi.org/10.1016/j.esmoop.2021.100305
https://doi.org/10.1016/j.esmoop.2021.100305
https://doi.org/10.1016/j.esmoop.2021.100305
https://doi.org/10.1016/j.esmoop.2021.100305
https://doi.org/10.1016/j.esmoop.2021.100305
https://doi.org/10.1016/j.esmoop.2021.100305
https://doi.org/10.1016/j.esmoop.2021.100305
https://doi.org/10.1016/j.esmoop.2021.100305
https://doi.org/10.1016/j.esmoop.2021.100305
https://doi.org/10.1016/j.esmoop.2021.100305
https://doi.org/10.1016/j.esmoop.2021.100305


Table 1. Baseline characteristics in the training and validation cohorts

Characteristics Training cohort (n [ 66) Validation cohort (n [ 30) P value

Age/year
Median (range)

56 (28-72) 60 (32-74) 0.213

Sex, n (%) 0.284
Male 41 (62) 22 (73)
Female 25 (38) 8 (27)

Smoking status, n (%) 0.271
Current or former 24 (36) 15 (40)
Never 39 (59) 15 (50)
Unknown 3 (5) 0 (0)

Histology type, n (%) 0.182
Adenocarcinoma 52 (79) 27 (90)
Others 14 (21) 3 (10)

CNS symptoms, n (%) 0.962
Yes 35 (53) 16 (53)
No 28 (42) 13 (44)
NA 3 (5) 1 (3)

Primary tumor sample, n (%) 0.665
Available 49 (74) 21 (70)
Unavailable 17 (26) 9 (30)

Tnum
a, n (%) 0.012

¼1 5 (8) 3 (10)
>1 41 (62) 26 (87)
NA 20 (30) 1 (3)

Tsize (mm)a 0.616
Median (range) 18 (6-38) 19.3 (4-47.4)

LLVD (mm)a 0.187
Median (range) 17.7 (0-39.4) 18.5 (0-40.4)

LVDmin (mm)a 0.194
Median (range) 4.6 (0-31.9) 3.95 (0-31.5)

CNS, central nervous system; LLVD, shortest lesioneventricle distance for the largest lesion; LVDmin, minimum lesioneventricle distance for all intracranial lesions; NA, not
available; Tnum, total number of intracranial lesions; Tsize, the maximum diameter of the largest intracranial lesion.
a Patients’ imageological characteristics of brain tumors were evaluated by radiologists using magnetic resonance imaging.
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most significant features associated with the CSF ctDNA
detection (Figure 3B).
Logistic regression model and nomogram

AIC and BIC were used to examine model performance
based on the complete subset regressions of all factors. The
combination of Tsize and LVDmin provided the best predictive
ability using the BIC method. However, the trio of Tsize,
LLVD, and LVDmin was preferable using the AIC method
(Figure 3C). Thus, we eventually included the two factors
(Tsize and LVDmin) in the multivariate model. The final pre-
diction model with the full training cohort yielded an AUC
of 0.819, an accuracy of 0.800, a sensitivity of 0.844, and a
specificity of 0.739 (Figure 3D).

The model was validated using an independent external
cohort of another 30 lung cancer patients with brain me-
tastases. There were no significant differences in the base-
line characteristics between the training and validation
cohorts, except for Tnum (Table 1). The prediction perfor-
mance on the validation cohort included an AUC of 0.772,
an accuracy of 0.767, a sensitivity of 0.809, and a specificity
of 0.600 (Figure 3D). Model performance was also evalu-
ated in the training cohort by two internal cross-validation
methods. The simple random sampling method (a ratio of
7:3, 100 times) demonstrated an average AUC of 0.78 and
an accuracy of 0.75 (Figure 3E). Moreover, the leave-one-
out cross-validation yielded an AUC of 0.77, an accuracy
Volume 7 - Issue 1 - 2022
of 0.78, a sensitivity of 0.81, and a specificity of 0.74.
Together, these approaches demonstrated the robustness
and considerable accuracy of the model based on the Tsize
and LVDmin of the intracranial lesions.

A nomogram was also generated based on the logistic
regression models for individual predictions of CSF ctDNA
detection in routine practice (Figure 3F). Patients with
calculated detection rates >0.5 may be considered for
CSF ctDNA sequencing. As a result, the proportion of
detectable CSF ctDNA was significantly improved from
58.18% (32/55) to 81.81% (27/33) after model selection
(P ¼ 0.022).

DISCUSSION

In this study, we enrolled the largest cohort of lung cancer
patients with brain metastases and built a prediction model
based on their clinical phenotypic characteristics to predict
patients with high likelihood of detecting CSF ctDNA. Recently,
several studies showed that CSF is more enriched for brain
tumor-derived ctDNA than peripheral blood due to the exis-
tence of the bloodebrain barrier.12,13 De Mattos-Arruda et al.12

reported that CSF is relatively accurate in representing the
genomic mutations in brain tumors and that the ctDNA levels
fluctuate over time, following the changes in brain tumor
burden. However, the detection rate of somatic mutations in
CSF ctDNA is relatively low, which might limit its clinical utility. In
our study, the detection rate of CSF ctDNA mutations was only
59.09% in the training cohort, which was similar to that found
https://doi.org/10.1016/j.esmoop.2021.100305 5
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Figure 3. Feature selection and validation of the logistic regression model.
(A) The correlation of all clinical features. Blue shade represents a positive correlation and red shade represents a negative correlation. The correlation values of any two
features are labeled in the intersectant squares with color-scaled circles. (B) Results of the variate importance analysis of all clinical features. (C) Model selection based
on the AIC and BIC methods. (D) Receiver operating characteristic (ROC) curve for the training cohort (n ¼ 66) and validation cohort (n ¼ 30). (E) Internal cross-
validation in the training cohort based on two variables, Tsize and LVDmin. A random split (7 : 3) sample approach was repeated 100 times. (F) The nomogram was
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Table 2. Univariate and multivariate analyses with respect to the probability of detecting CSF ctDNA

Factor Univariate analysis Multivariate analysisa

OR (95% CI) P value OR (95% CI) P value

Age (�56 versus <56 years) 0.76 (0.28-2.03) 0.59 NA NA
Sex (male versus female) 1.23 (0.44-3.38) 0.69 NA NA
Histology (LUAD versus others) 1.11 (0.32-3.65) 0.87 NA NA
Smoking (ever versus never) 1.08 (0.39-3.08) 0.88 NA NA
CNS symptom (yes versus no) 1.69 (0.62-4.71) 0.31 NA NA
Tsize 1.08 (1.02-1.17) 0.02b 1.11 (1.03-1.22) 0.01b

LLVD 0.90 (0.84-0.96) 0.002b 0.94 (0.87-1.01) 0.12
LVDmin 0.88 (0.81-0.95) 0.002b 0.87 (0.78-0.96) 0.009b

CI, confidence interval; CNS, central nervous system; CSF, cerebrospinal fluid; ctDNA, circulating tumor DNA; LLVD, shortest lesioneventricle distance for the largest lesion; LUAD,
lung adenocarcinoma; LVDmin, minimum lesioneventricle distance for all intracranial lesions; NA, not available; OR, odds ratio; Tsize, the maximum diameter of the largest
intracranial lesion.
a NA: These variables were eliminated in the multivariate logistic regression model, and thus, the OR and P values are not available.
b P < 0.05.
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in previous studies. Thus those data suggested an urgent clinical
need to screen patients using informative ctDNA analyses prior
to CSF collection. Wang et al.14 previously reported that high-
grade gliomas abutting ventricle were associated with high
levels of CSF ctDNA. In this study, we demonstrated that
intracranial tumor size and the minimum lesioneventricle dis-
tance were significantly correlated with the probability of
detecting CSF ctDNA. We also developed a predictive model to
estimate the probability of CSF ctDNA detection. The model can
be used routinely according to MRI images.We validated model
performance in an independent external cohort and revealed
the considerable accuracy of the model based on Tsize and
LVDmin. Compared with traditional predictive models, nomo-
grams are more visual and easier to interpret, and can therefore
be more readily applied to clinical decision-making practices.
The proportion of detectable CSF ctDNA in the model-selected
cohort was significantly higher than that of the unselected
cohort, underscoring that the developed nomogram represents
a valuable and cost-effective method for maximizing the ben-
efits of CSF liquid biopsies from NSCLC patients with brain
metastases, and thus, reduces unnecessary diagnostic risks and
costs.

To our knowledge, this was the first proof-of-concept
study to characterize the phenotypic characteristics of
metastatic brain tumors for the prediction of the probability
of detecting CSF ctDNA in NSCLC patients. This study also
had a few limitations. First, the study population was
restricted in size, and second, the study did not recruit
patients who had leptomeningeal metastases.
Conclusion

In summary, we established a regression model and a
nomogram for predicting the detection of CSF ctDNA using
the phenotypic characteristics of metastatic brain lesions in
NSCLC patients. This model can improve the probability of
built to estimate the probability of detecting CSF ctDNA in the training cohort. A prob
CSF liquid biopsies.
AIC, Akaike information criterion; AUC, area under the receiver operating characteris
cerebrospinal fluid; ctDNA, circulating tumor DNA; LLVD, shortest lesioneventricle d
intracranial lesions; Tsize, the maximum diameter of the largest intracranial lesion.
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detecting CSF ctDNA, avoiding unnecessary examinations,
and maximizing the benefits of CSF liquid biopsies.
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