
CLINICAL CANCER RESEARCH | PRECISION MEDICINE AND IMAGING

Serial ctDNAMonitoring to Predict Response to Systemic

Therapy in Metastatic Gastrointestinal Cancers A  C

Aparna R. Parikh1, Amikasra Mojtahed2, Jaime L. Schneider1, Katie Kanter1, Emily E. Van Seventer1,

Isobel J. Fetter1, Ashraf Thabet2, Madeleine G. Fish1, Bezaye Teshome1, Kathryn Fosbenner1,

Brandon Nadres1, Heather A. Shahzade1, Jill N. Allen1, Lawrence S. Blaszkowsky1, David P. Ryan1,

Bruce Giantonio1, Lipika Goyal1, Ryan D. Nipp1, Eric Roeland1, Colin D. Weekes1, Jennifer Y. Wo3,

Andrew X. Zhu1, Dora Dias-Santagata4, A. John Iafrate4, Jochen K. Lennerz4, Theodore S. Hong3,

Giulia Siravegna1, Nora Horick1, Jeffrey W. Clark1, and Ryan B. Corcoran1

ABSTRACT
◥

Purpose: ctDNA offers a promising, noninvasive approach to

monitor therapeutic efficacy in real-time. We explored whether the

quantitative percent change in ctDNA early after therapy initiation

can predict treatment response and progression-free survival (PFS)

in patients with metastatic gastrointestinal cancer.

Experimental Design: A total of 138 patients with metastatic

gastrointestinal cancers and tumor profiling by next-generation

sequencing had serial blood draws pretreatment and at scheduled

intervals during therapy. ctDNA was assessed using individual-

ized droplet digital PCR measuring the mutant allele fraction in

plasma of mutations identified in tumor biopsies. ctDNA

changes were correlated with tumor markers and radiographic

response.

Results: A total of 138 patients enrolled. A total of 101 patients

were evaluable for ctDNA and 68 for tumor markers at 4 weeks.

Percent change of ctDNA by 4 weeks predicted partial response

(PR, P < 0.0001) and clinical benefit [CB: PR and stable disease

(SD), P < 0.0001]. ctDNA decreased by 98% (median) and >30%

for all PR patients. ctDNA change at 8 weeks, but not 2 weeks, also

predicted CB (P < 0.0001). Four-week change in tumor markers

also predicted response (P ¼ 0.0026) and CB (P ¼ 0.022).

However, at a clinically relevant specificity threshold of 90%,

4-week ctDNA changemore effectively predicted CB versus tumor

markers, with a sensitivity of 60% versus 24%, respectively (P ¼

0.0109). Patients whose 4-week ctDNA decreased beyond this

threshold (≥30% decrease) had a median PFS of 175 days versus

59.5 days (HR, 3.29; 95% CI, 1.55–7.00; P < 0.0001).

Conclusions: Serial ctDNA monitoring may provide early

indication of response to systemic therapy in patients with met-

astatic gastrointestinal cancer prior to radiographic assessments

and may outperform standard tumor markers, warranting further

evaluation.

Introduction
Analysis of circulating tumorDNA (ctDNA), commonly referred to

as “liquid biopsy,” is a noninvasive way to detect and measure cancer-

specific molecular alterations in the blood (1–5). The use of ctDNA is

emerging as a useful tool in several settings, including detection of

postsurgical residual disease and identifying mechanisms of drug

resistance (6–16). Recent data suggest that ctDNA levels within an

individual patient correlate with tumor burden over time and that

serial assessment of ctDNA may represent a promising approach for

monitoring treatment response, with early decreases in ctDNA serving

as a predictor of response (17–25).However, further clinical evaluation

of ctDNA monitoring as a means of tracking therapeutic response is

needed.

Currently, radiographic imaging remains the gold-standard for

evaluating treatment response. However, imaging is typically per-

formed several months into therapy, and more frequent radiographic

assessment may not be practical or informative. Serum tumormarkers

(i.e., CEA, CA19-9) have also been used as a means of minimally

invasive monitoring of treatment response, but the longer half-lives of

these markers and lack of tumor-specificity can limit their perfor-

mance (26, 27). A more accurate means for early prediction of

therapeutic response could be beneficial to distinguish patients most

likely to benefit from continued therapy from patients unlikely to

benefit, in whom an earlier switch to an alternative therapy may spare

toxicity and provide clinical benefit (CB). In this regard, ctDNA

represents a promising approach to monitor treatment response and

help with early prediction of therapeutic efficacy. ctDNA has the

advantages of having a short half-life (�one hour), high tumor

specificity, and can be performed noninvasively at more frequent

intervals than imaging (28). However, the utility of serial ctDNA

monitoring to predict therapeutic response has not been well

characterized.

In this study, we sought to perform a proof-of-concept analysis

evaluating the use of serial ctDNA monitoring to predict treatment

response in patients with metastatic gastrointestinal cancer receiving

systemic therapy. In this prospective cohort, we evaluated whether an

early change in ctDNA levels can predict radiographic response to

treatment across patients with metastatic gastrointestinal cancer and

compared how ctDNA performed relative to standard tumor markers.
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Materials and Methods
Patients and sample collection

Between 2014 and 2018, we enrolled 138 patients with metastatic

gastrointestinal cancers. All patients provided informed written con-

sent, and specimens were collected at the Massachusetts General

Hospital (MGH) Cancer Center (Boston, MA) according to Institu-

tional Review Board–approved protocols in accordance with the

Declaration of Helsinki. Patients were followed during standard-of-

care cytotoxic chemotherapy or targeted therapy. Targeted therapies

included EGFR-, BRAF-, HER2-, FGFR-, or MET (Table 1)-directed

therapy. Blood and tumor specimens were obtained. Tumor muta-

tional profiling was performed at MGH (Boston, MA) as part of

routine clinical care through a standard clinical institutional next-

generation sequencing panel for 104 known cancer genes. Blood

was drawn prior to the start of therapy and after initiation of

therapy at 2 weeks, 4 weeks, 8 weeks, and then every 8 weeks until

progression (Fig. 1A). Cell-free DNA was extracted from plasma

using QIAamp Circulating Nucleic Acid Kit (Qiagen) and assessed

by digital droplet PCR using probes for tumor-specific point

mutations (see Supplementary Methods for full ddPCR methods).

To improve accuracy, one or more tumor-specific alterations likely

to be clonal based on clinical sequencing were identified and used to

evaluate ctDNA longitudinally in available plasma specimens (Sup-

plementary Table S1). For patients with multiple assessable muta-

tions, the percent change in mutant allele fraction of up to three

mutations ctDNA were averaged. Informative tumor markers, if

available during the same timepoints, were also analyzed, and the

more dynamic tumor marker was chosen if multiple tumor markers

were informative. RECIST 1.1 measurements determined by inde-

pendent radiological review were used to compare baseline CT

scans with first restaging scans during treatment. If unavailable,

progression was determined clinically by the investigators (29).

Progression-free survival (PFS) on treatment was determined by

investigator review.

Eligible patients had a histologically confirmed metastatic

cancer diagnosis from a gastrointestinal primary, received only

systemic therapy before first scan, tumor tissue which was geno-

typed, a baseline plasma draw within 3-weeks prior to treatment

start, and a 4-week plasma draw (average time of 4 weeks drawn

between 20–45 days). We evaluated how change in ctDNA levels or

change in tumor markers predicted response to treatment and CB

(defined as patients who had a PR or an SD primary, had received

only systemic therapy as part of their treatment before scan, and

had tumor genotyping).

Statistical analyses

We compared the distributions of percent change in ctDNA and

in tumor markers at 4 weeks between response categories using

Mann–Whitney U tests and Kruskal–Wallis tests. For both ctDNA

and tumor markers, we identified the cutoff for percent change at

4 weeks yielding approximately 90% specificity (i.e., 90% of patients

with CB classified correctly) and compared the sensitivity and

positive predictive value associated with the cutoff between ctDNA

and tumor markers using Fisher exact test. PFS on treatment was

defined as time from treatment start to progression or death (event)

or most recent treatment date (censored) and summarized using the

Kaplan–Meier method. We compared PFS between patients who

did and did not exceed the week four percent change cutoff for

ctDNA/tumor markers using the log-rank test and computed the

log-rank HR. We evaluated whether clinical characteristics includ-

ing cancer type, treatment type, and number of prior lines of

treatment were confounders in the relationship between outcomes

and percent change of ctDNA at 4 weeks using univariate and

multivariate logistic (PR and CB outcomes) and Cox proportional

hazards (PFS outcome) regression models. We assessed the impact

of covariate adjustment on the statistical significance and effect

estimate for ctDNA percent change between the univariate and

multivariate models for each outcome. As exploratory analyses, we

compared the distributions of percent change in ctDNA at 2 weeks

and 8 weeks between response categories as described above and

performed subgroup analyses by tumor type and treatment type. All

analyses were conducted among patients with available data for the

Table 1. Baseline patient and disease characteristics.

Characteristic N ¼ 138

Median age, years (range) 61 (21–87)

Sex (M) 84 (61%)

Race

White 122 (88%)

Asian 6 (4.3%)

Black 2 (1.4%)

Unknown 8 (5.8%)

Primary tumor location

Colorectal 69 (50%)

Pancreas 26 (19%)

Biliary 18 (13%)

Esophagogastric 17 (12%)

Other 8 (5.8%)

Therapy types

Cytotoxic therapy only 97 (70%)

Targeted therapy only 23 (17%)

Targeted þ cytotoxic therapy 18 (13%)

Metastatic at diagnosis 83 (60%)

Median time from metastatic diagnosis to treatment start,

months (range)

2.1 (0–205)

Lines of prior metastatic therapy, median (range) 0 (0–6)

First-line therapy 78 (57%)

Second-line therapy 31 (22%)

Third-line therapy or later 29 (21%)

Translational Relevance

While prior studies suggest that a directional change in ctDNA

levels correlates generally with therapeutic response, it is unclear

whether the quantitative ctDNA change might provide an early

predictor of response with sufficient accuracy to guide treatment

decisions. This proof-of-concept study in patients with metastatic

gastrointestinal cancer suggests that the quantitative measure of

ctDNA reduction by 4 weeks of therapy provides an accurate

prediction of eventual radiographic response and progression-

free survival, with favorable performance relative to standard tumor

markers. Our study also provides key insights into the optimal

timing of ctDNA assessment and the degree of ctDNA reduction

corresponding to clinical benefit.While further evaluation in larger

studies is needed, serial ctDNA monitoring could facilitate

adaptive clinical trial design and help clinicians make more per-

sonalized treatment decisions for early adaptation of therapy,

limiting the cost and toxicity from ineffective therapies, and

allowing amore rapid switch to potentiallymore effective therapies.
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specified variable and time point. The two-sided significance level

was 0.05 for all comparisons.

Results
Overall, 138 patients met eligibility criteria andwere enrolled—50%

colorectal cancer, 29% pancreatic cancer, 13% biliary cancers, 12%

esophagogastric cancer, and 6% other gastrointestinal primaries

(Table 1). A total of 70% were treated with cytotoxic chemotherapy,

17% with targeted therapy, and 13% with targeted therapy in com-

bination with cytotoxic chemotherapy (Table 1; Supplementary

Table S2). In 101 patients, we identified at least one mutation that

could be tracked in ctDNA that was detectable at baseline (Supple-

mentary Table S3). A subset of 68 patients had evaluable tumor

Figure 1.

Draw schedule (A) and CONSORT diagram (B).

Serial ctDNA Monitoring to Predict Therapeutic Response
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markers within the specified timepoints (Supplementary Table S4). A

total of 51 patients had both tumor markers and ctDNA that were

evaluable at 4 weeks (Fig. 1B). Of the patients with evaluable ctDNA,

27 patients had 2-week draws and 85 patients had 8-week draws. For

ctDNA, the average time from treatment start until the 4-week blood

draw for ctDNA analysis was 29.9 days � 4.8 (standard deviation)

while the average time to first restaging scan was 55.4 days � 19.8

(standard deviation).

We observed that the percent change in ctDNA mutant allele

fraction (MAF) at 4 weeks predicted radiographic PR and CB (PR or

SD). Patients achieving PR had amedian ctDNAdecrease at 4 weeks of

98.0% comparedwith patients with progressive disease (PD)whohad a

median decrease of 49.0% (P < 0.0001; Fig. 2A). Notably, all patients

with PR had a decrease of ctDNA of >30%. ctDNA change was also

predictive of CB, with a median decrease of 95.5% observed in these

patients (Fig. 2B). Patients with PR or SD also had a significantly

greater decrease of standard tumor markers (median �57.50% and

median �7.00%, respectively) compared with those with PD (median

21.0%, P ¼ 0.0026 for PR vs. PD; Fig. 2C). The change in tumor

markers was also predictive of CB (P ¼ 0.022; Fig. 2D).

We next assessed the sensitivity and positive predictive value

(PPV) for predicting CB of ctDNA and tumor markers at a clinically

relevant specificity threshold of approximately 90%, at which no

more than one out of every 10 patients who would achieve CB from

therapy would fail to be identified with each respective assay.

Interestingly, all patients achieving PR exhibited ctDNA decreases

beyond this threshold, which equated to a ctDNA decrease of 30%

or greater. Of 28 patients who did not have a ctDNA decrease

reaching this threshold, all but 2 (26 pts, 93%) developed PD and

discontinued treatment within 4 months of starting therapy. At this

threshold, the sensitivity of ctDNA for predicting CB was 60% and

PPV was 75%. In contrast, a change in tumor markers at a similar

threshold yielding approximately 90% specificity for CB had a

sensitivity of only 24% with a PPV of 44%. The difference between

sensitivity of ctDNA versus tumor markers was statistically signif-

icant (0.0109; Supplementary Table S5.)

Furthermore, we performed additional exploratory analyses of

ctDNA at this 90% specificity threshold. A >30% decrease in ctDNA

also predicted PFS (HR, 3.29; 95% CI, 1.55–7.00; P < 0.0001).

Patients whose ctDNA decreased by >30% had a median survival of

175 days, while patients whose ctDNAdid not had amedian survival of

59.5 days (Fig. 3A). Similarly, patients with a ctDNA decrease of >30%

after 8 weeks of therapy also showed improved PFS (HR, 4.34; 95%

CI, 1.69–11.11; P < 0.0001; median survival 183 days vs. 64 days,

respectively; Fig. 3B).

Interestingly, we observed possible differences in the association

of ctDNA changes with PFS based on tumor type. Most notably,

ctDNA change showed a striking association with PFS in colorectal

Figure 2.

Changes in ctDNA (A, B) and tumor markers (C, D) at 4 weeks are shown for patients grouped by radiographic response by RECIST1.1 criteria. Each data point

represents the percent change in ctDNA or tumor markers at 4 weeks relative to baseline for a single patient. Horizontal bars represent the median, and error bars

indicate 95% CI. SD: stable disease.
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cancer (n¼ 55), where patients whose ctDNA decreased by >30% had

amedian survival of 226 days on treatment, comparedwith just 62 days

(HR, 5.484; 95% CI, 1.69–17.78; P < 0.0001). Conversely, while a clear

trend was noted, the association of ctDNA change with PFS did not

reach statistical significance in patients with noncolorectal cancer

patients (n ¼ 46; P ¼ 0.11; Fig. 3C and D). Similarly, while ctDNA

change predicted response (PR vs. PD) as well as CB in patients

with colorectal cancer (P < 0.0001), this association did not reach

statistical significance in patientswith noncolorectal cancer (P¼ 0.085,

P ¼ 0.086, respectively), although a similar trend was observed

(Supplementary Fig. S1A–S1D).

However, we observed that ctDNA change did predict PFS across

tumor types in patients receiving targeted therapy with or without

chemotherapy (HR, 3.49; 95% CI, 1.19–10.30; P ¼ 0.0002) and in

patients receiving chemotherapy alone (HR, 2.95; 95% CI, 1.06–8.22;

P ¼ 0.0017; Supplementary Fig. S2A and S2B). Similarly, ctDNA was

predictive of CB for patients receiving targeted therapy (P < 0.0001)

and chemotherapy alone (P¼ 0.043), although ctDNAwas better able

to predict radiographic response in patients receiving targeted therapy

(n¼ 34) versus cytotoxic chemotherapy alone (n¼ 67; P¼ 0.0003 vs.

P ¼ 0.17, respectively; Supplementary Fig. S2B–S2F). We also eval-

uated patients based on line of therapy and found that ctDNA change

was predictive of CB across different lines of therapy (Supplementary

Fig. S3A–S3C).

Given the heterogeneity of tumor types, treatment types, and lines of

therapy, we performed a multivariate analysis adjusting for these

variables and found that a ctDNA change of at least 30% remained

significantly associatedwith bothCB (OR¼ 6.9; 95%CI, 2.304–20.732;

Figure 3.

Kaplan–Meier curves showing PFS by percent change in ctDNA for all patients at 4weeks (A) and 8weeks (B) from treatment initiation, or for patientswith colorectal

cancer only (C) or noncolorectal cancer at 4 weeks (D). mPFS: median progression-free survival.

Table 2. Unadjusted and adjusted associations between 30% decrease in ctDNA at 4 weeks and clinical outcomes.

Unadjusted (univariate) Adjusted (multivariate)a

Outcome OR/HRb (95% CI) P OR/HRb 95% CI P

Partial response —

c
— —

c
—

Clinical benefit OR ¼ 6.321 (2.256–17.717) 0.0005 OR ¼ 6.912 (2.304–20.732) 0.0006

Progression-free survival HR ¼ 0.277 (0.161–0.479) <0.0001 HR ¼ 0.324 (0.183–0.571) 0.0001

aAdjusted for diagnosis, treatment type, and number of prior lines of therapy.
bORs/HRs represent odds/risk of outcome for decrease ≥30% in week 4 ctDNA compared with change > �30%.
cCannot be estimated because all patients with PR had ≥30% decrease in week 4 ctDNA.

Serial ctDNA Monitoring to Predict Therapeutic Response
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P ¼ 0.006) and PFS (HR, 0.324; 95% CI, 0.183–0.571; P ¼

0.0001; Table 2). In addition, the unadjusted and adjusted ORs and

HRs were similar in magnitude, providing further evidence that our

unadjusted results are not confounded by the heterogeneity in clinical

characteristics.

Finally, we performed an exploratory analysis assessing the

optimal timing for ctDNA assessment for prediction of CB. While

earlier prediction of therapeutic response would certainly have

advantages, we observed that at 2 weeks, change in ctDNA did

not show a statistically significant correlation with treatment

Figure 4.

Changes in ctDNAat 2weeks (A,B) or 8weeks (C,D) of treatment byRECIST1.1 criteria in patients achievingPR, SD (stable disease), andPD (A,C) or CB andPD (B,D).

E, Longitudinal ctDNA changes during the first 100 days of therapy in patients with PR (top, purple lines), SD (middle, blue and orange lines), and PD cases (bottom,

red lines). For SD patients, blue lines represent patients with PFS < 6months and orange lines represent patients with PFS > 6months. Horizontal bars represent the

median, and error bars indicate 95% CI.
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response orCB, but at 8weeks a similar degree of statistical significance

observed at 4 weeks remained between patients achieving PR (median

�100%) vs. PD (median �46.0%; P < 0.0001) as well as SD (median

�99.0%) and PD (P¼ 0.0090; Fig. 4A–C). At 8 weeks, ctDNA change

also predicted CB (P < 0.0001; Fig. 4D). Even when the analysis was

restricted to the 27 patients who had 2-week draws (all had 4-week

draws, and all but 5 patients who progressed prior to 8 weeks had

8-week draws), we found that 4-week and 8-week ctDNA change

remained a statistically significant predictor of CB, whereas 2-week

ctDNA change did not show a statistically significant association.

(Supplementary Fig. S4A–S4D). We observed continued evolution of

ctDNA levels from 2 weeks to 4 weeks in many patients (Fig. 4E). For

patients achieving PR at the first set of scans, ctDNA decline was

remarkably consistent (Fig. 4E). Most patients with PR had benefit

beyond 6 months, with only 6 patients with PR progressing within

6 months. Interestingly, for patients achieving SD, over time a rise in

ctDNA levels was seen in many patients who developed PD within

6 months (Fig. 4E, blue), whereas ctDNA levels remained suppressed

inmost patients remaining on therapy formore than 6months prior to

developing PD (Fig. 4D, orange). The changes highlight the ability of

ctDNAdetection to predict CB longitudinally and the ability to detect a

dynamic increase in ctDNA levels at progression (Supplementary

Fig. S5; Supplementary Table S4).

Discussion
This proof-of-concept study suggests that serial ctDNAmonitoring

may provide an early and reliable predictor of treatment response and

CB to systemic therapy. We observed a rapid and consistent decline in

ctDNA levels during the first 4 weeks of systemic therapy in patients

achieving PR or CB. All patients who achieved a PR had a decrease in

ctDNA levels by 4 weeks of treatment of at least 30%, with most

exhibiting a near complete decline (median 98% decrease). Impor-

tantly, the decrease in ctDNA levels by 4weeks in patients achieving PR

or CB was significantly greater than in patients with PD. Notably, all

patients achieving PR had decreases in ctDNA beyond 30% and of the

28 patients who did not have a ctDNA decrease reaching this thresh-

old, 93% of patients developed PD and discontinued treatment within

4 months of starting therapy (Supplementary Fig. 5). ctDNA decrease

of 30% or more also predicted a stark difference in PFS, median PFS of

175 days versus 59.5 days (HR, 3.29; 95% CI, 1.55–7.00; P < 0.0001).

These data suggest that further evaluation of ctDNA monitoring

and its potential for early prediction of response or lack of therapeutic

benefit is warranted and that serial ctDNAmonitoring could offer early

insight into whether a patient is responding to a given therapy and

should therefore continue that therapy, or whether a patient is unlikely

to respond. Early identification of patients who are not responding to

therapy would allow a switch to an alternative therapy sooner,

increasing the chance of potential benefit, and reducing unnecessary

toxicity from an ineffective therapy. Thus, serial ctDNA monitoring

could increase the efficiency of personalized therapeutic decisions for

individual patients and allow for adaptive clinical trials where therapy

might be modulated on the basis of ctDNA.

Notably, change in standard serum tumor markers—CEA and

CA19-9—by 4 weeks also exhibited an association with response and

CB, although with more limited statistical confidence than for ctDNA

(P ¼ 0.021 tumor markers vs. P < 0.0001 for ctDNA). Therefore, we

conducted an exploratory analysis comparing the effectiveness of

ctDNA versus tumor markers in predicting CB. We assessed the

predictive power of ctDNA or tumor makers at a specificity threshold

of 90%. This threshold was selected as a potential clinically relevant

specificity cutoff, such that if a treatment were to be discontinued or

changed due to lack of a sufficient decrease in either marker, then no

more than 1 of 10 patients who would go on to derive some CB would

have treatment discontinued on the basis of this result. At this 90%

specificity threshold, the sensitivity for predicting CB was 60% for

ctDNA versus only 24% for tumormarkers (P¼ 0.0109). These results

suggest that ctDNA monitoring may potentially outperform standard

tumor markers at this early time point and ctDNA monitoring may

offer advantages over the current standard of care. It is possible that the

shorter half-life and increased tumor specificity of ctDNAmay provide

advantages over standard tumor markers for monitoring of treatment

response (30, 31).

We also explored how early after treatment initiation ctDNA could

predict response. An earlier ability to predict whether a patient is

benefiting, may allow an earlier switch of a nonresponding patient to a

more effective therapy, increasing the chance of benefit and limiting

unnecessary exposure. However, our initial analysis suggests that if

ctDNA is assessed too early after the initiation of therapy, its predictive

power is more limited. At 2 weeks after the start of therapy, we did not

observe a significant association between change in ctDNA levels and

response or CB, as we did at 4 and 8 weeks, although the number of

patients with available 2-week plasma samples was limited. One

potential explanation may be due to the kinetics of ctDNA release

during therapy. ctDNA levels may increase acutely after initiation of

therapy, due to release of tumor DNA as a result of tumor cell death,

before decreasing in parallel with a reduction in tumor burden (32).

Indeed, additional evolution of ctDNA levels was observed between

2 weeks and 4 weeks (Fig. 4E), and specifically, further decreases in

ctDNA were observed by 4 weeks in patients achieving PR. These data

suggest that further optimization of the timing of ctDNA assessment

following therapeutic initiation will be critical.

While we observed a highly consistent decrease in ctDNA in

patients achieving PR, the change in ctDNA levels by 4 weeks in

patients with SD or PD was more variable. For SD patients, this may

reflect the fact that SD, as defined byRECIST 1.1, includes patients who

achieve some degree of tumor shrinkage not reaching criteria for PR, as

well as patients whose tumors increase in size but not by enough to

meet criteria for PD. In SD patients achieving a PFS of >6months, a far

more consistent decrease in ctDNA levels by 4 weeks was observed

(Fig. 4E). Conversely, SD patients with PFS <6 months typically

exhibited a rise or rebound in ctDNA by 8 weeks. Similarly, PD

patients exhibiting an initial reduction in ctDNA levels by 4 weeks,

also showed a rise or rebound in ctDNA levels by 8 weeks. Likewise, in

patients with PR or prolonged SD, a consistent rebound in ctDNA

levels was observed as patients developed eventual disease progression

(Supplementary Fig. S3). These findings support the potential impor-

tance of serial monitoring of ctDNA to gain further insight into the

evolution of a patient's response over time.

This study does have several limitations. First, while over 100

patients were evaluated, the overall sample size is still limited, and

not all cases had both serial tumor marker and ctDNA assessments.

Second, we were unable to evaluate ctDNA in several patients

(Fig. 1B). In some cases, this was because no mutations were detected

upon clinical tumor sequencing. This issue could be overcome by

performing more broad-based tumor sequencing facilitating the iden-

tification of trackable DNAmutations inmore patients. In other cases,

a customized ddPCR probe could not be designed for specific muta-

tions or patients did not have detectable baseline levels of ctDNA.

While the proportion of patients with unevaluable ctDNA was similar

to patients whose baseline tumor markers were in the normal range

and thus also unevaluable, it is possible that different ctDNA
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technologies, including larger next-generation sequencing panels,

customized multiplexed mutation assays, multiple mutation tracking

or including methylation markers could be more effective for tracking

ctDNA in more patients (33–35). In this study, individualized ddPCR

was utilized as a means of establishing clinical proof-of-concept for

serial ctDNAmonitoring, and is not necessarily the optimal approach.

Third, several patients had very low levels at baseline meaning small

fluctuations in ctDNA levels over time could lead to large calculated

percent changes, potentially affecting the accuracy of response pre-

diction. Indeed, outlier valueswere often observed in patients with very

low baseline levels of ctDNA (Supplementary Table S3), and lower

levels of baseline ctDNA observed in patients with noncolorectal

cancer (Supplementary Fig. S1E and S1F) may be one explanation

for why ctDNA change was less effective in predicting response and

PFS in patients with noncolorectal versus colorectal cancer (Fig. 3C

and D; Supplementary Fig. S1A–S1D). In future studies, the use of

more sensitive technologies or determination of aminimumbasal level

of ctDNA for accurate interpretation may be important to overcome

this potential issue and to define effective thresholds for clinical

decision-making.

In summary, these data suggest that serial monitoring of ctDNA has

the potential to provide an early indication of treatment response and

CB across a range of gastrointestinal cancers receiving an array of

systemic cytotoxic and/or targeted therapies. While larger and more

comprehensive studies are needed to define the optimal timing of

ctDNA assessments, to determine the most accurate thresholds for

response prediction, and to evaluate the most suitable and cost-

effective technologies for ctDNA measurement, serial ctDNA moni-

toring has the potential to help guide clinicians in making more

personalized treatment decisions and to facilitate early adaptation of

therapy to limit the cost and toxicity from ineffective therapies and to

allow a more rapid switch to a potentially more effective therapy.

Moreover, serial monitoring of ctDNA could be used as an early

marker of efficacy or lack of efficacy to facilitate adaptive clinical trial

strategies. Thus, further prospective assessment of serial ctDNA

monitoring as ameans of predicting therapeutic response iswarranted.
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