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Abstract

Cancer treatments are often more successful when the disease is detected early. We evaluated the 

feasibility and safety of multi-cancer blood testing coupled with PET-CT imaging to detect cancer 

in a prospective, interventional study of 10,006 women not previously known to have cancer. 

Positive blood tests were independently confirmed by a diagnostic PET-CT, which also localized 

the cancer. Twenty-six cancers were detected by blood testing. Of these, 15 underwent PET-CT 

imaging and nine (60%) were surgically excised. Twenty-four additional cancers were detected by 

standard-of-care screening and 46 by neither approach. 1.0% of participants underwent PET-CT 

imaging based on false positive blood tests, and 0.22% underwent a futile invasive diagnostic 

procedure. These data demonstrate that multi-cancer blood testing combined with PET-CT can be 

safely incorporated into routine clinical care, in some cases leading to surgery with intent to cure.

Introduction

Most individuals who die from cancer are not diagnosed until they have disseminated 

disease (1–3). Nevertheless, all metastatic cancers are localized at some point in their natural 
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history, providing an opportunity for them to be detected and treated at an earlier stage (4, 

5). In addition to the potential for surgery, radiation, and adjuvant therapy to cure localized 

disease, conventional as well as newer therapeutic agents, including immunotherapy, are 

more effective when the tumor burden is low (6–8). Moreover, large studies have shown that 

deaths from colorectal cancers – even late-stage cases – are considerably less common when 

the cancers are detected by any form of screening than when detected by symptoms (9). The 

goal of earlier detection is to identify the presence of cancer at a stage when a treatment is 

more likely to be successful, thereby offering a better chance of long-term survival (3–9).

Screening modalities like colonoscopy, mammography, low-dose computed tomography 

(LDCT), and Pap smears have been shown to decrease mortality from colon, breast, lung, 

and cervical cancers, respectively (10–13). However, adherence to standard-of-care (SOC) 

screening varies widely (14, 15) and screening is not recommended for average-risk 

individuals for any other cancer types. There is thus a need and an opportunity for 

minimally-invasive, multi-cancer screening tests to reduce morbidity and mortality from 

these diseases. However, there are several risks posed by such tests. A positive result can 

cause anxiety, and false positive tests can lead to unneeded procedures with associated risks. 

Moreover, some cancers detected early may never progress to clinically meaningful states, a 

phenomenon referred to as “overdiagnosis” (16). Because current SOC approaches have 

proven to be effective, a new multi-cancer test should not supplant or discourage individuals 

from undergoing SOC cancer screening. Optimally, such a test should be employed in a 

complementary way to increase cancer detection rates when applied to a population adherent 

to SOC screening.

The ability to identify cancers through blood testing is one of the most exciting advances in 

cancer diagnostics (17–20). To date, studies of blood-based multi-cancer tests have recruited 

individuals who were already known to have cancer at the time of testing (17, 18). Cancers 

studied in this manner are likely to be larger and more advanced than undiagnosed prevalent 

cancers because they are often identified following the onset of symptoms. The sensitivity of 

detecting cancers in prospective studies of patients not already known to have cancer is 

therefore likely to be lower than reported in studies of patients already diagnosed with 

cancer (3, 16, 21). Additionally, the controls used in retrospective studies often do not 

include individuals with all relevant co-morbidities, potentially overestimating specificity. 

Finally, an interventional study, as opposed to an observational study that does not report 

results to participants, is required to evaluate the impact of the test on patient management. 

Otherwise, the potential for harm due to unnecessary invasive procedures consequent to the 

test cannot be evaluated (16).

To address these challenging issues, we have performed an exploratory study to evaluate 

four critical issues confronting all multi-cancer blood tests for screening purposes:

i. Can a multi-cancer blood test prospectively detect cancer in individuals whose 

cancer was not previously detected by other means?

ii. Can such a test be used to intervene in the cancer progression process, leading to 

therapy with intent to cure?
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iii. Can such a test be incorporated into routine clinical care and not discourage 

participants from engaging in SOC screening?

iv. Can such a test be performed safely, without incurring a large number of futile, 

invasive follow-up tests based on the test results?

We did not attempt to address other important questions that can best be addressed in 

registration trials designed for regulatory approval of a test. These questions include clinical 

validity, risk vs. benefit to the screened population, and cost-effectiveness.

Study design

We performed an exploratory prospective, interventional study, called DETECT-A 

(Detecting cancers Earlier Through Elective mutation-based blood Collection and Testing) 

to evaluate an early version of a multi-analyte blood test incorporating DNA and protein 

biomarkers. Our goal was to enroll 10,000 women 65 to 75 years of age with no personal 

history of cancer from a population with high adherence to SOC screening (fig. S1). We 

chose to enroll only women to enrich for ovarian cancer, a malignancy that lacks SOC 

screening and typically has a favorable prognosis only when detected early. The age 

demographic was chosen to focus on individuals who were at greater risk for cancer due to 

their seniority but had sufficient life expectancy to derive benefit from an earlier cancer 

diagnosis (1). In addition to the increased prevalence of cancer, individuals of this age often 

have multiple comorbidities (22) which could decrease the specificity of the test. Thus, this 

age group allows a rigorous evaluation for detecting cancer despite a variety of other 

medical conditions. The only exclusion criterion for study entry was a current or previously 

known cancer. All cancer types were included in our analysis except for skin, central 

nervous system and leukemias, which have very low likelihood of being detected by a blood-

based screening test such as that used here (23). All participants were enrolled through the 

Geisinger Health System, a large integrated health services organization. This enabled 

access to the electronic medical records (EMR) of participating individuals and minimizing 

loss to follow-up (24).

Given that there was no precedent for an interventional study of this nature, the most 

important issues we attempted to address were feasibility and safety. Accordingly, several 

safety features were incorporated to maximize safety to participants (Fig. 1). In particular, 

DETECT-A incorporated three steps prior to initiating a diagnostic work-up for cancer (Fig. 

1A). First, a peripheral blood sample was evaluated with the baseline test described below. 

Individuals with abnormal values for at least one of the biomarkers evaluated in this test 

were invited back to provide a second blood sample. This second blood sample was used for 

a distinct confirmation blood test, described below, to determine whether the identical 
biomarker was persistently abnormal as well as to rigorously exclude mutations due to 

clonal hematopoiesis of indeterminate potential (CHIP) ((25) and Methods). The design of 

this two-step test was similar to that of Lo and colleagues, who studied Epstein-Barr virus 

DNA in the plasma of patients with nasopharyngeal cancers (26). Our goals were to achieve 

moderate (~95%) specificity with the first step and high specificity (~99%) with the 

combination of the baseline and confirmation tests. If the biomarker was reproducibly 

abnormal in the confirmation test and CHIP was excluded, the blood test was considered 
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positive. Participants with a positive blood test were reviewed by a Multidisciplinary Review 

Committee (MRC) composed of experts from several relevant fields (Supplementary 

Materials). The committee then reviewed the medical history of participants to rule out a 

potential non-cancer-related cause for any abnormal result. If no such cause was found, the 

individual was invited to undergo the third component of testing, a full-body diagnostic 

positron emission tomography-computed tomography (PET-CT) scan with contrast, using 

fluorodeoxyglugose (FDG) as the tracer. Diagnostic PET-CT imaging was used to confirm 

the results of blood testing and localize the potential cancer in a safe and minimally-invasive 

manner (27).

Diagnostic PET-CT is an FDA cleared test that is routinely used in clinical practice to aid in 

to detecting, localizing, and diagnosing tumors. A large and growing body of clinical 

evidence supports its high sensitivity for early-stage cancers of multiple different organs 

(28–30). Patients with findings of concern on diagnostic PET-CT were referred to cancer 

specialists for further evaluation; subsequent work-up and management was performed 

according to standard clinical practice and was outside the scope of the study. Similarly, 

some participants with a positive baseline test had developed signs or symptoms of cancer 

before their confirmation blood test or before the MRC made their recommendation, and 

these participants were managed by their primary physicians. Patients with cancer were 

defined as those with biopsy-proven cancer or other undisputed clinical evidence of disease 

(see Methods). This definition was conservative and excluded patients who had benign 

tumors, including non-invasive pre-cancerous lesions.

Another concern of this study was the potential anxiety that cancer testing might cause to 

participants (Fig. 1B). To mitigate this anxiety, the consenting process for all participants 

included a clear discussion of the implications of a positive and negative test. Moreover, all 

participants were informed at the time of enrollment that they might be called back 

randomly to provide a second peripheral blood sample. The participants with a positive 

result in the baseline test were invited to provide an additional blood sample for a distinct 

confirmation test, as noted above. A similar number of participants with a negative baseline 

test result were also invited to provide an additional blood sample. In these “study controls”, 

a repeat baseline test was performed rather than a distinct confirmation test, allowing an 

evaluation of the reproducibility of the baseline test. Neither the participants invited back, 

nor the Geisinger professional extending the invitations, knew the group to which the 

participant belonged (i.e., this component was double-blinded). We hoped that this process 

would reduce anxiety in the patients invited back for a confirmation test. In addition, study 

genetic counselors were available to patients who had concerns at any stage of the study.

Communication of the test results to patients was done in a careful and prescribed manner 

(Fig. 1B). Patients with a positive blood test were not told they had cancer. Rather, the study 

health care professional noted they had an increased risk of harboring a cancer compared to 

the general population based on their blood testing results. Patients were thereby encouraged 

to undergo the diagnostic PET-CT. They were informed that this imaging would indicate 

whether any follow-up for a potential cancer was needed. The diagnostic PET-CT 

component was therefore an integral part of the screening process. The cost of the diagnostic 
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PET-CT was included in the study budget, as was an initial visit with a specialist for patients 

with abnormalities found upon this imaging.

A further concern in introducing a new screening test is that a negative test result could 

cause harm by providing a false sense of security that an individual did not harbor a cancer. 

Careful counselling was therefore given to participants about the need to undergo 

recommended SOC cancer screening and to practice primary cancer prevention measures. 

This recommendation was provided at several stages of the testing process and follow-up 

(Fig. 1B).

Finally, a concern for any new screening test is the potential for incidental findings in 

participants without cancer that lead to unnecessary follow-up tests or procedures. Although 

not performed as part of the DETECT-A study protocol, all additional procedures that were 

performed in patients whose blood test was positive were carefully documented.

The DETECT-A blood test

The DETECT-A blood test incorporated baseline and confirmation test components that 

have the potential to detect cancer in many organs. The baseline test component represented 

an early version of a multi-analyte test, called CancerSEEK (21). It did not employ the 

machine learning methods described in (21) to increase sensitivity and specificity. Rather, it 

used pre-defined thresholds for each DNA and protein biomarker and a confirmation test to 

enhance specificity. The advances described in (21) and elsewhere (31) to increase 

sensitivity while maintaining specificity were made only after design and IRB-approval of 

the DETECT-A study, which occurred in 2016 and 2017, respectively.

The baseline test component employed a sequencing error reduction technology (32) to 

assess whether mutations in defined regions of 16 genes, represented by 61 amplicons of 

~75 bp each, are present in cell-free plasma DNA (cfDNA, table S1). The baseline test 

component also assessed nine highly validated protein biomarkers (table S2) (21). To ensure 

high specificity, the selected thresholds for these biomarkers were considerably higher than 

thresholds conventionally considered abnormal. For example, the CA125 level required for 

positivity in the DETECT-A blood test was >16x as high as that commonly considered the 

upper limit of normal (577 vs 35 U/mL, respectively; see table S2) (33). This resulted in per-

protein specificity of 99.8–100.0% (table S3).

The confirmation test component was performed only on participants whose baseline test 

was positive. It employed the same sequencing error reduction technology (32) and the same 

high thresholds for protein biomarkers used in the baseline test, but assessed only particular 

DNA mutations or proteins that were abnormal in the baseline test. It also rigorously 

excluded CHIP through more thorough examination of a larger amount of white blood cell 

(WBC) DNA than used in the baseline test. Technical details of the baseline and 

confirmation test components are provided in the Methods.

Study participants

Between September 2017 and May 2019, 10,006 participants were enrolled in the DETECT-

A study at 18 clinical sites across the Geisinger catchment area (Fig. 2, table S4). Of these, 
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73 withdrew from the study or were lost to follow up, 12 were later found from medical 

records to have actually had a history of cancer prior to enrollment and were excluded, and 

ten did not have a complete clinical work-up (table S5). The remaining 9,911 individuals 

(99.1% of the enrollees) were the participants assessed in this study. Surveys and reviews of 

medical records to assess status were scheduled to be performed 12 months after enrollment. 

To date, 12-month follow-up surveys have been completed for 6,874 of 7,366 (93.3%) 

eligible participants. For participants followed for less than 12 months, median follow-up 

time since enrollment was 9.7 months (inter-quartile range 8.7–10.8 months). Details on the 

process through which cancer status was ascertained are described in the Methods.

Blood test results

The diagnostic procedures performed in the DETECT-A study are presented in the flow 

diagram of Fig. 2. Of the 9,911 participants, 490 (4.9%) scored positive in the baseline test 

component of the blood test, consistent with the 5% expected from the Study Design (see 

above). Of these, 134 tests (1.35% of the 9,911 participants) were confirmed in the 

confirmation test component, also similar to the fraction anticipated during Study Design. 

Sixty percent of those not confirmed were due to CHIP, which was analyzed more rigorously 

in the confirmation test than in the baseline test (Methods and Fig. 2). Of the 134 

participants with positive blood testing, 127 (95%) were evaluated by imaging. Sixty-four 

(50%) of these 127 participants had imaging concerning for cancer. And of these 64 patients, 

26 (41%) were subsequently shown to have cancer through biopsy (25 of 26 cases, 96%) or 

other unequivocal evidence (one of 26 cases, 4%; Supplementary Materials).

Results were presented to the MRC an average of 7.0 months (IQR 5.7 to 8.3) following the 

first blood draw. The timeline for the process is described in fig. S2. During this relatively 

long interval, eleven of the participants with a positive baseline test presented signs or 

symptoms concerning for cancer and sought clinical care from their primary physicians (Fig. 

2 and Table 1). Though the blood test results had not yet been disclosed to them, six of these 

eleven participants had already been invited for a second blood draw before they contacted 

their physicians. We do not know whether these invitations prompted the participants to 

contact their physicians or impacted their physicians’ subsequent management. Diagnostic 

procedures in these eleven participants occurred at a median of 4.3 months (IQR 1.7 to 6.2 

months) after their baseline test, and imaging other than diagnostic PET-CT was performed 

to localize disease (Fig. 2 and Table 1). These eleven participants with cancer tended to have 

more advanced disease than the 15 whose blood test follow-up was directed by the MRC 

(Table 1 and table S6). In four of the eleven, it was not possible to obtain a second blood 

sample prior to surgical excision of the tumors or because of advanced disease (Table 1 and 

table S6). In these four cases, the original baseline test was confirmed through analysis of an 

independent aliquot of blood obtained during the first visit. This need for independent 

confirmation in participants who developed symptoms during the study was recognized prior 

to the onset of the trial, and we attempted to obtain sufficient blood for two independent tests 

from all participants at baseline. All 26 participants with cancer first detected by blood 

testing, whether or not they were imaged by PET-CT, were reviewed by the MRC and 

reported to the IRB and Data Safety Monitoring Board. The diagnostic evaluations and 

clinical courses of these cancer patients are detailed in Table 1 and table S6.
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As expected, the specificity of testing increased, and the sensitivity decreased, during the 

three-step process (Table 2). There were 29 patients with cancer whose baseline test was 

positive, but in three of these, the confirmation test showed that the positivity was due to 

CHIP. These three cases were considered DETECT-A blood test negative, and their 

exclusion decreased the sensitivity of blood testing from 30% to 27%. Conversely, in those 

participants with confirmed baseline blood tests (i.e., DETECT-A blood test positive), the 

specificity was 98.9%, compared to 95.3% in participants with positive baseline tests in the 

absence of confirmation. The positive predictive value (PPV) of testing concomitantly 

increased from 5.9% to 19.4%. The specificity and PPV of testing further increased with 

imaging, rising to 99.6% and 40.6%, respectively (Table 2). If only the 15 participants who 

received diagnostic PET-CT imaging were considered, the sensitivity was 16%, the 

specificity was 99.6%, and the PPV was 28%. The negative predictive values and number of 

individuals needed to screen to detect a cancer at each stage of the process are also listed in 

Table 2. For comparison, metrics for SOC screening and blood testing combined with SOC 

screening are provided in table S7.

We considered the 26 cancer patients with positive blood testing to be “first detected by 

blood testing”. These included nine lung cancers, six ovarian cancers, and two colorectal 

cancers (Fig. 3A–B, fig. S3). Seventeen (65%) of the 26 cancers were localized or regional, 

including five patients with Stage I tumors (fig. S3 and S3A, table S6). The single 

participant with cancer of unknown stage did not have evidence of metastatic disease by CT. 

Eleven patients are in remission and nine are undergoing treatment or have stable disease 

(median follow-up for all 26 cancer patients was 8.4 months following definitive diagnosis, 

table S6). Expected survival of these patients is listed in table S6.

Of the 26 cancers, 14 were blood test positive by virtue of mutations in circulating tumor 

DNA (ctDNA), 11 by virtue of elevated levels of protein biomarkers, and one by both a 

mutation and an elevated protein level (fig. S4B, Table 1). In participants with confirmed 

cancers, TP53 was the most frequently mutated gene (11 participants), followed by PIK3CA 
(three participants), KRAS and BRAF (two participants each), and EGFR and NRAS (one 

participant each) (fig. S4C, Table 1). These mutations were generally found in cancers 

expected to harbor the mutated genes – for example, EGFR in a lung cancer and BRAF in a 

colon cancer. In the 15 cancers detected by ctDNA mutations, the median mutant allele 

frequency (MAF) was 0.395% and ranged from 0.009% to 33.9% (table S8).

The most commonly elevated protein biomarkers in participants with cancer were CA15–3 

(four participants) and CEA (three participants), while CA19–9, CA125, and HGF were 

elevated in two participants each (fig. S4D, table S3, Table 1). Interestingly, highly elevated 

levels of some proteins were found in patients with cancer types not usually associated with 

those markers, such as CEA in a lung cancer and CA19–9 in an ovarian cancer (Table 1). 

This is consistent with studies showing that circulating levels of several glycoproteins are 

often elevated in many tumor types (21, 33). Importantly, above-threshold elevations of the 

protein biomarkers in the panel were extremely rare in individuals without cancer (99.4% 

specificity, i.e., 0.6% false-positive rate; table S3), even though many comorbid diseases 

were present in the study cohort as measured by the Charlson Comorbidity Index (figs. S5 

and S6, table S9) (34).
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Standard-of-care screening

Ninety-six cancers among the 9,911 participants were identified within 12 months of 

enrollment (fig. S3, table S9). This number (0.97%) is consistent with the number of 

incident cancers expected from Centers for Disease Control (CDC) Surveillance, 

Epidemiology, and End Results (SEER) data during the achieved follow-up period in a well-

screened population (2). Twenty-four of these cancers were detected through SOC screening 

during the follow-up period. These were verified by biopsy or other unequivocal clinical 

evidence. These patients were considered “first detected by SOC screening”. These cases did 

not overlap with the 26 first detected by blood testing. The remaining 46 cancers were not 

first detected by either blood testing or by SOC screening. In most of these cases, diagnostic 

tests were initiated on the basis of patient symptoms (table S9).

Twenty breast cancers, three lung cancers, and one colorectal cancer were first detected by 

SOC screening (fig. S3). Twenty-two (91.7%) of the 24 SOC-detected cancers were 

localized or regional, including 16 Stage I breast cancers (fig. S3). Interestingly, twelve 

cancers of these three organs were first detected by blood testing rather than by SOC 

screening, boosting the sensitivity of screening-based detection from 47% for SOC 

screening alone to 71% with SOC screening plus blood testing in these three cancer types 

(fig. S3, table S7). Fourteen (31%) of 45 cancers in seven organs for which no SOC 

screening test is available were first detected by blood testing (fig. S3, table S9). The 46 

cancers not first detected by either blood testing or SOC screening included ten patients with 

Stage I uterine cancer; these cancers are often first detected at early stages by post-

menopausal bleeding (fig. S3). Thirty-eight of these 46 cancers were localized or regional, 

and 26 were Stage I (fig. S3).

Feasibility and safety

There were no serious adverse events resulting from the procedures dictated by the study 

protocol itself (i.e., venipuncture and diagnostic PET-CT). Therefore, safety risk was 

concentrated in the 108 participants with positive blood testing but no cancer. Seven of these 

participants were not recommended for follow-up by the MRC (Table 2). The remaining 101 

participants were recommended for evaluation by diagnostic PET-CT. Prior to the study, a 

concern about safety was the potential number of incidental findings that could arise from 

PET-CT testing, potentially leading to unnecessary procedures in individuals without cancer. 

We found that diagnostic PET-CT efficiently guided follow-up: in 63 of 101 (62%) 

participants without cancer who received a diagnostic PET-CT, no additional follow-up was 

performed (Fig. 4A, tables S10 and S11). There were only 38 participants without cancer 

who had any procedure subsequent to their PET-CT findings. Sixteen (42%) of these 38 

participants received only non-invasive testing, and in 19 (50%), minimally-invasive 

procedures were suitable to conclude that a cancer was not present (Figs. 4A–B, tables S10–

S12). Furthermore, diagnostic PET-CT led to a clinically relevant diagnosis in 15 of the 38 

cases (e.g., a common bile duct stone or a pre-cancerous lesion requiring surveillance, table 

S10). In only three of the 38 cases was surgery performed (Fig. 4B). One of these three 

patients had large colonic polyps with high-grade dysplasia which could not be removed 

endoscopically, a second had an in situ carcinoma of the appendix, while the third had a 10 

cm ovarian lesion that was ultimately found to be a mucinous cystadenoma. Although 
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lesions with high-grade dysplasia are considered to be pre-cancerous, we conservatively 

counted them as false positive results in the performance statistics, as blood tests for 

circulating tumor DNA generally do not detect precancerous lesions.

An independent way of assessing specificity was through the control group of individuals 

who had two sequential baseline tests (rather than a baseline test followed by a distinct 

confirmation test). As noted above in the Study Design section, 498 participants with a 

negative baseline test result were invited to provide a second peripheral blood sample in a 

double-blinded fashion. One purpose of this component of the study was to reduce potential 

anxiety, as participants did not know whether the invitation to provide a second blood 

sample was based on a positive baseline test result vs. selection as a study control (Fig. 1). A 

second purpose was to assess reproducibility of the baseline test. Only four of the 498 study 

controls scored positive in the second blood sample, indicating a specificity of 99.2% (95% 

confidence interval 98.0% to 99.8%); none of these four patients developed cancer within 

the study period (table S13).

Another source of potential harm associated with the DETECT-A protocol was the radiation 

exposure from diagnostic PET-CT and follow-up imaging tests in the participants without 

cancer. We compared the futile radiation exposure attributable to DETECT-A to that arising 

from other medical imaging tests either during the three years before enrollment (all 

participants) or during the study period after enrollment (true negative participants; fig. S7, 

tables S14 and S15). This comparison showed that 13% of true negative participants 

reported imaging tests associated with more than 10 mSv dose, such as that from CT scans, 

in the year after enrolling in DETECT-A. In comparison, only 101 (1%) of participants 

without cancer underwent futile imaging tests associated with >10 mSv dose as a result of 

DETECT-A. Diagnostic PET-CT confers a radiation exposure of ~25 mSv, ~15 to 18 mSV 

more than a standard CT (table S14).

A potential danger of a multi-cancer blood test is that patients might interpret a negative test 

result as meaning they are cancer-free, decreasing adherence to SOC screening. To measure 

this possible effect, we evaluated whether the participants in the study had fewer 

mammograms after the baseline test than they had in the years prior to the test. The 

recommended interval for mammography for normal-risk participants in our cohort was 

every two years. At the follow-up survey, more participants reported at least one 

mammogram within the last year than participants who reported more than one 

mammogram within three years prior to enrollment (fig. S8A). Of the 3,295 participants 

with available health insurance claims data, an orthogonal measure of screening rates, the 

percentage of participants that had a mammogram within one year prior to enrollment was 

30.5%, while 28.7% of participants had a mammogram within one year after enrollment 

(McNemar χ2 = 2.4, p = 0.12; fig. S8B).

It was also of interest to query patients about their impressions of the study after they had 

completed their participation in it. A survey that included a measure of decisional regret (35) 

was administered to all participants at 12 months post-enrollment. 6,874 of 7,366 

participants (93.3%) who had reached 12 months post-enrollment responded. Only 0.3% of 

respondents felt that they had made the wrong decision by participating in the study (fig. 
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S9A). The responses were similar in patients who received accurate final blood testing 

results (i.e., true positives or true negatives) and who received inaccurate results (false 

positives or false negatives; p = 0.294, two-sided two-sample proportion test; fig. S9B–C). 

Similarly, only 1.0% of respondents stated they would not join a similar, subsequent study if 

it were offered to them again (fig. S10A–C).

With respect to technical specificity, DNA-based tests that rely on mutation, as opposed to 

other, less specific properties of cell-free plasma DNA, have the advantage that the precise 

mutation detected in the plasma can be validated in a completely orthogonal manner through 

evaluation of DNA from the primary tumor. Though the collection of tumor material was not 

mandated in the DETECT-A study protocol, we were able to acquire formalin-fixed, 

paraffin-embedded (FFPE) blocks of tumors from four patients whose cancers were first 

detected by blood testing on the basis of a DNA mutation. There was a total of six mutations 

found in these patients’ plasma DNA samples, all of which (100%) were found to be present 

in the patients’ corresponding tumors (table S16). We were also able to acquire FFPE blocks 

of tumors from 36 patients who did not score positively in the DNA component of the blood 

test. We asked whether these tumors contained mutations in the 1,933 bp that were queried 

by the mutation panel used in the baseline test component. We found that 78% of these cases 

had mutations in their tumors within the queried 1,933 bp (table S16). This suggested that 

the majority of the false negative results were due to an amount of cancer-derived ctDNA too 

small to be detected by the DETECT-A blood test rather than to the absence of relevant 

mutations in the cancers.

Discussion

In the DETECT-A study, we attempted to answer four fundamental questions that confront 

all multi-cancer screening tests, as noted in the introduction. The answer to all four 

questions was affirmative:

i. Blood testing makes it possible to detect cancers, including early cancers, in 

individuals without any history of the disease.

ii. It is possible to intervene on the basis of blood testing, leading to surgery with 

intent to cure.

iii. Blood testing can be incorporated into routine medical care without discouraging 

patients from engaging in other forms of screening.

iv. Such testing can be performed in a safe manner without incurring a large number 

of futile, invasive follow-up tests.

One of the key safety features of DETECT-A was the diagnostic PET-CT for confirmation of 

blood testing and localization of suspected cancers. The cost of PET-CT was only a small 

component of the total cost of screening because only 1.2% of the 9,911 tested individuals 

underwent PET-CT. We and others have suggested that a blood test itself, through molecular 

tissue-of-origin prediction, could localize primary tumors to some degree (21, 36–41). 

Though this may be possible in the future, no multi-cancer blood test yet described has the 

specificity required to adequately interpret a positive test result. For example, suppose the 
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PPV of a new test is as high as 50% and molecular tissue-of-origin prediction has >90% 

accuracy. The majority of test-positive participants, including 100% of those with false 

positive tests, would thereby receive an incorrect tissue of origin result rather than a 

definitive confirmation or rejection of the presence of a cancer. This uncertainty could lead 

to a diagnostic odyssey whose outcomes and risks are unknown. On the other hand, 

diagnostic PET-CT provides a uniform way to accurately determine tissue-of-origin while 

minimizing the risk for an unnecessary diagnostic odyssey. Importantly, diagnostic PET-CT 

is also precise in a way that a molecular tissue-of-origin predictor cannot be. For example, it 

reveals whether a presumptive cancer is in the right vs. left kidney, its size and location 

within that kidney, and the presence or absence of possible metastatic lesions. This 

information is immediately actionable, enabling physicians to move forward with 

histopathological assessment and development of a timely and informed treatment strategy.

Note that diagnostic PET-CT is not well-suited to be a primary screening modality for the 

general population, in part because of low disease prevalence and a relatively high rate of 

incidental findings in that setting. In contrast, we expected that its use exclusively in 

individuals who already had a positive blood test would result in much more favorable 

performance. Indeed, the feasibility and safety of utilizing diagnostic PET-CT for disease 

localization was clearly demonstrated in the DETECT-A study: the median number of 

procedures following diagnostic PET-CT required to conclude that a participant did not have 

cancer was zero (inter-quartile range 0 to 1) (Fig. 4 and table S10). The positive predictive 

value of any multi-cancer blood test will be lower in individuals younger than 65 years of 

age due to their lower prevalence of cancer, making definitive conclusions about positive 

tests from subsequent imaging studies even more important.

The DETECT-A study design included a second test to confirm the baseline test. Given the 

lack of precedent for such a prospective, interventional study of patients not known to have 

cancer, we considered this confirmation essential for the safety of the participants. This two-

step process took a relatively long time to complete (fig. S2) and is not optimal for 

widespread testing outside a research study. In clinical practice, a participant would 

optimally be quickly directed to diagnostic PET-CT following a positive test result. The 

DETECT-A blood test was created in 2016, and new generations of it (21, 31), have been 

shown to have higher sensitivity and specificity. As such, newer tests with specificity >99% 

would be expected to have similar performance without a confirmation test.

Another of our safety concerns was that blood testing would result in decreased adherence 

with SOC screening, particularly mammography. It was therefore important that there was 

continued mammogram utilization following blood testing in the DETECT-A cohort (fig. 

S7). We attribute part of this adherence to the consistent communication about SOC 

screening to participants. The high degree of participant satisfaction (figs. S8 and S9) may 

similarly have been due to the pre-defined method of communicating test expectations and 

results to minimize anxiety.

How can secondary prevention measures such as those constituting the DETECT-A study be 

improved? In the cohort studied, 96 cancer diagnoses were made during the study interval. 

Of these, 26 were first detected by blood testing and an additional 24 were first detected by 
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SOC screening. For cancers for which SOC screening is already effective, there is no need to 

replace SOC screening with a multi-cancer blood test. In addition to their relatively high 

sensitivity for malignant lesions, SOC screening procedures can detect high-risk pre-

malignant lesions, such as adenomas, which are not generally detectable by blood tests (42). 

Nonetheless, blood testing can complement SOC screening, as documented here (table S7). 

On the other hand, there were 46 cancers not first detected by either blood testing or SOC 

screening. The challenge is to detect these other 46 cancers, plus any additional cancers in 

this cohort that have not yet been diagnosed, while maintaining high specificity. It has 

already been demonstrated that the sensitivity of the blood test can be substantially 

improved, without compromising specificity (21, 31). Other multi-cancer tests, based on 

epigenetic changes in DNA or chromatin, have also been shown to have high sensitivity for 

cancer detection (36–41, 43, 44). Further improvements in and combinations of these 

technologies will undoubtedly improve sensitivity even further.

There are several limitations of our study. First, our analysis only considered the initial 

follow-up after the baseline test. Longer follow-up will undoubtedly reveal more undetected 

cancers, thereby increasing the number of false negatives. It could also reveal patients with 

cancer with positive blood testing but in whom diagnostic PET-CT failed to identify a 

cancer, thereby decreasing the number of false positives. In the next phase of studying this 

cohort, longitudinal follow-up for up to five years is planned. Another limitation of our study 

is that not all enrolled individuals completed the prescribed course (Fig. 2, tables S5 and S6). 

And finally, future studies will need to include races and ethnicities other than those highly 

represented in the Geisinger Health System, as well as men (table S4).

The DETECT-A study was able to address several fundamental issues about multi-cancer 

blood tests but was not designed for regulatory approval of a specific test. Larger trials, 

including formal registration trials, will be necessary to accurately dissect benefit vs. risk, 

and to further evaluate the clinical validity and utility of such testing. At present, we cannot 

be certain that the DETECT-A blood test used in our study helped any participant. It is 

possible that none of the cancers first detected by this test would ever have caused symptoms 

or led to death. The same is true for participants whose cancers were first detected by SOC 

screening in the DETECT-A study. Though theoretically possible, this hypothesis is not 

readily congruent with the fact that every late stage, metastatic cancer starts out as a Stage I 

cancer. What is not known is the fraction of localized or regional cancers that progress to 

clinically significant or metastatic disease in the absence of treatment. All that we can 

confidently conclude at present is that a minimally invasive blood test can be safely used to 

detect several types of cancers in patients not previously known to have cancer, enabling 

treatment with intent to cure in at least a subset of individuals. This advance will facilitate 

future randomized, interventional trials to assess the ability of minimally-invasive blood 

tests to improve the effectiveness of cancer screening.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. DETECT-A process and rationale.
(A) Three-step testing process for DETECT-A. (B) Safety rationale for study design.
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Fig. 2. Flowchart describing the DETECT-A study.
The DETECT-A diagnostic path (dark blue) indicates how cancers first detected by blood 

testing were identified. Each box indicates both the number of individuals proceeding 

through each step as well as the relevant table that provides additional detail.
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Fig. 3. Overview of cancers incident during the DETECT-A study.
(A) Twenty-six cancers (blue) in 10 organs were first detected by blood testing. (B) Ninety-

six cancers were identified in the study (see Supplementary Materials). The location, and 

number of those first detected by blood testing (blue), standard-of-care screening (green) or 

by other means (grey) are shown.
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Fig. 4. Risk exposure in participants without cancer but with positive DETECT-A blood tests.
(A) 101 participants with positive DETECT-A blood tests underwent a diagnostic PET-CT 

but had no cancer identified. Risk stratifications are defined in table S12. Only the most 

invasive procedure a participant underwent is shown; for example, a participant who 

received minimally-invasive follow-up (e.g., a bronchoscopy) may also have first received 

non-invasive follow-up (e.g., a follow-up chest CT) (table S10). (B) Anatomical locations of 

minimally-invasive or surgical procedures following diagnostic PET-CT in the 22 

participants with positive PET-CT imaging but without cancer. Each dot or square indicates 

a single procedure; seven participants had more than one minimally-invasive or surgical 

procedure, which explains why there are 30 procedures depicted in the 22 patients.
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Table 2.

Performance at different steps of the testing process. Brackets indicate 95% confidence interval. TP = true 

positive; FP = false positive; TN = true negative; FN = true negative. Numbers in parentheses indicate 

underlying calculations: PPV = TP/(TP+FP); specificity = TN/(TN+FP); NPV = TN/(TN+FN); NNTS = (TP

+FP+TN+FN)/TP; sensitivity = TP/(TP+FN).

Metric Blood test without 
confirmation Blood test

1 Blood test + 

diagnostic PET-CT
2

Blood test + any 

form of imaging
3

Positive predictive value (PPV) (%) 5.9% [4.0–8.4] 
(29/490)

19.4% [13.1–27.1] 
(26/134)

28.3% [16.8–42.3] 
(15/53)

40.6% [28.5–53.6] 
(26/64)

Specificity (%) 95.3% [94.9–95.7] 
(9,354/9,815)

98.9% [98.7–99.1] 
(9,707/9,815)

99.6% [99.5–99.7] 
(9,777/9,815)

99.6% [99.5–99.7] 
(9,777/9,815)

Negative predictive value (NPV) (%) 99.3% [99.1–99.4] 
(9,354/9,421)

99.3% [99.1–99.4] 
(9,707/9,777)

99.1% [99.0–99.3] 
(9,777/9858)

99.3% [99.1–99.4] 
(9,777/9,847)

Number needed to screen (NNTS) to 
detect one cancer (N)

342 [238–510] 
(9,911/29)

381 [260–583] 
(9,911/26)

661 [401–1,180] 
(9,911/15)

381 [260–583] 
(9,911/26)

Sensitivity (%)

All included cancer 
types

30.2% [21.3–40.4] 
(29/96)

27.1% [18.5–37.1] 
(26/96)

15.6% [9.0–24.5] 
(15/96)

27.1% [18.5–37.1] 
(26/96)

Cancer types with 
recommended SOC 
screening available

27.5% [15.9–41.7] 
(14/51)

23.5% [12.8–37.5] 
(12/51)

15.7% [7.0–28.6] 
(8/51)

23.5% [12.8–37.5] 
(12/51)

Cancer types with no 
recommended SOC 
screening available

33.3% [20.0–49.0] 
(15/45)

31.1% [18.2–46.6] 
(14/45)

15.6% [6.5–29.5] 
(7/45)

31.1% [18.2–46.6] 
(14/45)

1
As noted in the text, participants who had positive blood tests were defined as those in which the abnormalities found in the baseline test were 

validated, and CHIP rigorously excluded, by the confirmation test.

2
The 11 cancer patients with positive blood tests who did not receive a diagnostic PET-CT because they were managed by their physicians were 

included as FN in the calculations in this column (see main text).

3
The 11 cancer patients with positive blood tests who did not receive a diagnostic PET-CT because they were managed by their physicians were 

included as TP in the calculations in this column (see main text).
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