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Abstract Background There are acute settings where assessing the anticoagulant effect of
direct oral anticoagulants (DOACs) can be useful. Due to variability among routine
coagulation tests, there is an unmet need for an assay that detects DOAC effects
within minutes in the laboratory or at the point of care.
Methods We developed a novel dielectric microsensor, termed ClotChip, and previously
showed that the time to reach peak permittivity (Tpeak) is a sensitive parameter of
coagulation function. We conducted a prospective, single-center, pilot study to determine
its clinical utility at detecting DOAC anticoagulant effects in whole blood.
Results We accrued 154 individuals: 50 healthy volunteers, 49 rivaroxaban patients, 47
apixaban, and 8 dabigatran patients. Blood samples underwent ClotChipmeasurements and
plasma coagulation tests. ControlmeanTpeak was 428 seconds (95% confidence interval [CI]:
401–455 seconds). For rivaroxaban,meanTpeak was592 seconds (95%CI: 550–634 seconds).
A receiver operating characteristic curve showed that the area under the curve (AUC)
predicting rivaroxaban using Tpeak was 0.83 (95% CI: 0.75–0.91, p< 0.01). For apixaban,
mean Tpeak was 594 seconds (95% CI: 548–639 seconds); AUC was 0.82 (95% CI: 0.73–0.91,
p< 0.01). For dabigatran, mean Tpeak was 894 seconds (95% CI: 701–1,086 seconds); AUC
was 1 (p< 0.01). Specificity for all DOACs was 88%; sensitivity ranged from 72 to 100%.
Conclusion This diagnostic study using samples from “real-world” DOAC patients
supports that ClotChip exhibits high sensitivity at detecting DOAC anticoagulant effects
in a disposable portable platform, using a miniscule amount of whole blood (<10 µL).
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Introduction

Direct oral anticoagulants (DOACs) are a new class of medi-
cationsdesigned to inhibitcoagulation factor IIa (dabigatran)or
factor Xa (rivaroxaban, apixaban, and edoxaban), and are
rapidly replacing warfarin as anticoagulants of choice. These
newer agentspresent several advantages over vitaminK antag-
onists including predictable pharmacokinetic profile, a wide
therapeuticwindow, and a shorterhalf-life. However, there are
several clinical settingswhere assessment of the anticoagulant
effect of DOACs may be useful, such as on-treatment bleeding,
emergency surgery, breakthrough thrombosis, suspected non-
compliance, and prior to administration of reversal agents. To
date, no assays developed tomeasure DOAC activity have been
approved by the Food and Drug Administration. Conventional
coagulation tests such as prothrombin time (PT), activated
partial thromboplastin time (aPTT), and thrombin time are
all plasma-based assays that exhibit variation between instru-
ment and reagents, and normal results may not exclude
clinically relevant levels of anticoagulation.1 Specialized coag-
ulation tests canbeusedtomeasureDOACswithhighaccuracy;
however, theseassays are notwidelyavailable. Therefore, there
is an unmet clinical need for a sensitive assay that can rapidly
detect DOAC anticoagulant effects in the laboratory or at the
point of care (POC). We developed a novel dielectric microsen-
sor, termed ClotChip, which allows for the comprehensive
assessment of blood hemostasis using a disposable micro-
fluidic sensor at the POC (►Fig. 1A, B). We previously showed
that the time to reachapeak inpermittivity (Tpeak) is a sensitive
parameter to assess coagulation function (►Fig. 1C).2,3 We
hypothesized that Tpeak can reliably detect the anticoagulant
effect of DOACs and conducted a pilot clinical study to deter-
mine its diagnostic sensitivity in whole blood.

Methods

Study Population
Healthy participants for this study were accrued from primary
care clinics at the VA Medical Center. These individuals were
primarily seen for their annualvisit. Prior to study initiation,we
held a face-to-face education sessionwith all primary care staff
and provided them with the International Society on Throm-

bosis andHaemostasis/Scientific and StandardizationCommit-
tee Bleeding Assessment Tool (BAT), a questionnaire to assess
the hemostatic capacity of potential study participants.4 The
BAT score is ideal when excluding bleeding disorders rather
than detecting mild bleeding disorders as it was validated by
comparison with normal or never-referred subjects. A score of
zerowas required for individuals to be accrued for the study. In
addition to BAT, the medication profile and laboratory results
from each potential participant were reviewed. Eligible sub-
jects in the healthy (control) groupwere 18 years or older; had
never had abnormal hemostasis and were never prescribed
anticoagulation; were not on selective serotonin reuptake
inhibitors (SSRIs), nonsteroidal anti-inflammatory drugs
(NSAIDs), antiplatelet agents (aspirin, clopidogrel, dipyrida-
mole, ticagrelor, prasugrel, cilostazol) or herbal supplements
(saw palmetto, St. John’s Wort, Ginkgo biloba, ginseng, Echina-
cea, quinine); andwere without diagnosis of an acute illness in
the past 4 weeks. Since variations in hematocrit number and
platelet count can affect whole-blood assays,5,6 all accrued
individuals had normal complete blood count profiles [normal
range for: white blood cell (WBC) count: 3.6–11K/cm3; hemat-
ocrit: 40–51%; platelet count: 150–400K/cm3]. Exclusion crite-
ria in this group included pregnancy, abnormal hematocrit
levels (<40% or >51%), and laboratory parameters that can
interfere with standard photo-optical coagulation tests
[extreme lipemia (triglyceride levels> 1,000mg/dL), hyperbi-
lirubinemia (total bilirubin> 1.5mg/dL)].

In the DOAC group, eligible patients were on anticoagula-
tion with treatment doses of rivaroxaban (20mg oral daily),
apixaban (5mg oral twice daily), or dabigatran (150mg oral
twicedaily) for at least 3months at the timeofenrollment. Key
exclusion criteria were concurrent use of antiplatelet medi-
cations, NSAIDs, SSRIs, or herbal supplements, and the afore-
mentioned laboratory exclusion criteria applied for healthy
participants.

Study Procedures and Oversight
This was a prospective, single-center, pilot clinical study
conducted in accordance with the principles of the Declara-
tion of Helsinki. All participants provided written informed
consent. The protocol, amendments, and informed consent
forms were approved by the institutional review board. A

Fig. 1 ClotChip fabrication and testing. (A) The ClotChip assembly procedure in which a polymethyl methacrylate (PMMA) cap with gold sensing
electrodes was attached to a PMMA substrate with a gold floating electrode using a 250-µm double-sided adhesive (DSA) film. The DSA film was
laser micromachined to form amicrofluidic channel with a total sample volume of 9 µL. Contact openings were placed in the PMMA substrate and
DSA film to allow for electrical connection between the sensing electrodes and an impedance analyzer. (B) Photograph of the ClotChip sensor
filled with human whole blood in the microfluidic channel. (C) Representative ClotChip readout curves for human whole blood samples
undergoing coagulation from a healthy volunteer (blue) and a patient with coagulopathy (red). The time to reach a permittivity peak (Tpeak) was
an indicator of coagulation time of the blood sample.
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data monitoring committee oversaw the study and periodi-
cally assessed safety. All research laboratory members per-
forming coagulation and ClotChip measurements were
blinded for each sample.

Study Workflow
Blood samples were drawn by venipuncture into collection
tubes containing 3.2% sodium citrate (ratio of blood to antico-
agulant, 9:1). Healthy volunteers underwent blood sampling
in untimed sessions (►Fig. 2A). For patients on rivaroxaban,
blood draws were performed at two different time points; in
the first group, blood was collected between 1.5 and 6 hours
after the daily rivaroxaban dose, which corresponds to the
time-to-peak plasma drug concentration (Tmax;►Fig. 2B).7 In
the second group of patients, blood was collected 9.5 to
16.5 hours after daily rivaroxaban dose, which corresponds
to trough rivaroxaban levels (►Fig. 2B).7 For patients on
apixaban and dabigatran, blood was collected between 2.5
and 4 hours and 1.5 and 4 hours after the morning dose,
respectively, each corresponding to peak plasma drug levels
(►Fig. 2C, D).8–10

Measurements

ClotChip Fabrication, Preanalytical Testing, and
Measurements
The ClotChip operation is based on the electronic technique
of dielectric spectroscopy (DS) to assess whole blood coagu-
lation ex vivo. DS is the measurement of dielectric permit-
tivity versus frequency, and ClotChip features a parallel-plate
capacitive sensing structure that extracts the dielectric
permittivity of whole blood in a microfluidic channel.2 A
double-sided adhesive layer was laser-micromachined to
form the microfluidic channel and was used to attach a
pair of polymethyl methacrylate (PMMA) substrates incor-
porating gold electrodes, thereby forming a three-dimen-
sional capacitive sensing area (►Fig. 1A,B). As blood
undergoes coagulation in this area, the sensor impedance
changes based upon its dielectric permittivity. For measure-
ments in the MHz-frequency range, the dielectric permittiv-
ity of whole blood is sensitive to red blood cell (RBC)
dynamics through the interfacial polarization of the RBC
membrane and the surrounding plasma.11,12 We have previ-
ously shown that it is the aggregation and deformation of
RBCs during clot development that gives rise to changes in
dielectric permittivity during blood coagulation13,14 and
that the maximum sensitivity to the blood coagulation
process occurs at 1MHz.3 The ClotChip readout is therefore
taken as the temporal variation in the real part of blood
dielectric permittivity at 1MHz (►Fig. 1C). The microsensor
fabrication and construction using biomedical-grade mate-
rials (PMMA and gold electrodes) incurred a material cost of
<$1 per sensor, therefore making it a cost-effective, single-
use, disposable cartridge.

Wepreviously assessed the effect of preanalytical factors on
the ClotChip readout.3 To test sample stability, we performed
repeated measurements at 60-minute intervals for whole
blood samples fromhealthyvolunteers. A significantdifference

inTpeak was found for samples assessed at 3.5 hours (p< 0.005)
and 4.5 hours (p< 0.005) compared with samples that under-
went ClotChip measurements at 30minutes, 1.5 hours, and
2.5 hours after blood draw.3 Based on these validation results
demonstrating that ClotChip readout exhibits repeatable char-
acteristics for citrated whole blood when tested within
2.5 hours from blood draw, all ClotChip measurements in the
present studywere performedwithin 2 hours from the time of
blood collection. Coagulation was initiated by adding calcium
chloride (CaCl2, 20mM) to citrated blood and injecting 10 µL of
the mixture into the ClotChip. Measurements were immedi-
ately recorded inside a thermostatic chamber set at 37°C.

Quality control (QC) for ClotChip involved daily electronic
calibration of the test setup. This entailed a custom printed-
circuit board in the form of the ClotChip sensor containing an
equivalent circuit model of whole blood to ensure accurate
electrical measurement of blood samples.11 The second as-
pect of QC involved testing of a healthy sample each day that
a patient sample was studied to ensure that the control Tpeak
fell within our pre-established normal range. Healthy blood
samples were procured from Case Western Reserve Univer-
sity Biorepository bank. Each donor was rigorously screened
to exclude hemostatic defects with a questionnaire for
history of abnormal bleeding and review of their active
medications. Throughout the study, the degree of impreci-
sion for ClotChip calibrationwhere healthy samples yielded a
Tpeak above 530 seconds was 0%.

Coagulation Assays
All assays were run in duplicate. The aPTTwas performed by
mixing 50 µL of citrated platelet-poor plasma with 50 µL of
prewarmed aPTTreagent (Helena Laboratories) in disposable
cuvettes and incubated for 3minutes at 37°C. The reaction
was initiated by adding 50 µL of 25mM CaCl2. The endpoint
clotting timewas determined by a photo-optical CascadeM4
analyzer (Helena Laboratories). The PT assay was similarly
performed by the addition of 100 µL of prewarmed PT
reagent (Helena Laboratories) to 50 µL of citrated plasma.
Rivaroxaban and apixaban anti-Xa activities were measured
using BIOPHEN DiXal (Hyphen Biomed) drug-specific assays.
Dabigatran concentration was measured using BIOPHEN DTI
chromogenic assay. Dedicated calibrators and controls were
used for each DOAC, per manufacturer instructions. Meas-
urements were obtained on a STA-R analyzer.

Statistical Analysis
Assuming an observed area under the curve (AUC) of 0.75 in
each group and anα of 0.05,we calculated that a control group
of 50 and a comparisongroupof 20provided>90%power for a
two-sided test of the null hypothesis (AUC¼ 0.5). This power
calculation was performed using the pROC package in R 3.5.1
and informed recruitment goals of subjects for controls and
DOACgroups.Data obtained in this studyare reportedasmean
with 95% confidence intervals (CIs), unless stated otherwise.
We used the independent samples t-test to compare mean
Tpeak between control and DOAC groups using Welch’s correc-
tion assuming unequal standard deviations (SDs) after assess-
ing normality of Tpeak values with D’Agostino–Pearson
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Fig. 2 Study workflow. (A) Healthy volunteers underwent a single blood draw in an untimed manner. Whole blood was used for ClotChip
measurements within 2 hours of sample collection and for plasma-based coagulation tests including prothrombin time (PT), activated partial
thromboplastin time (aPTT), and dilute thrombin time (dTT). (B) Patients on rivaroxaban were accrued at two different time points; in the first
group, blood was collected between 1.5 and 6 hours after daily rivaroxaban dose, corresponding to peak plasma drug concentrations. In
the second group of patients, blood was collected 9.5 to 16.5 hours after daily rivaroxaban dose, which corresponded to trough plasma
rivaroxaban levels. ClotChip measurements were run within 2 hours from blood collection. Plasma-based assays were also performed, including
PT, aPTT, and rivaroxaban-specific anti-Xa assay. (C) For patients on apixaban, blood was collected between 2.5 and 4 hours after the morning
apixaban dose and similarly processed. (D) In patients taking dabigatran, blood was collected between 1.5 and 4 hours after the morning dose.
Whole blood was used for ClotChip measurements, and plasma was separated for PT, aPTT, and dTT assays.
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Omnibus test. AUCs are presented with a 95% DeLong CI and
wereevaluated for significantdifferences fromnull valueof0.5
using theWilcoxon–Mann–Whitney test.McNemar testswere
conducted to compare the sensitivity and specificity of PT and
aPTT at detecting DOAC anticoagulant effects. All p-values are
two-tailed; p-values less than 0.05 were considered statisti-
cally significant. In box-and-whiskers plots, thebox represents
the range fromthefirst to the third quartile, thehorizontal line
represents themedian; whiskers extend to themaximum and
minimum data values, dots represent individual-patient data.
Outcomesandstatistical analyseswereperformedwithR3.5.1
software; figures were generated using GraphPad Prism 7
software.

Results

Patients
From September 2017 to August 2018, 154 individuals were
accrued for the study; 50 were healthy volunteers and 104
were patients on therapeutic doses of DOACs. For this latter
group, 49 were on rivaroxaban, 47 were on apixaban, and 8
were on dabigatran. Baseline demographic characteristics
between groups were balanced except for race, which con-
sisted of 50% Caucasian individuals in the control group
versus 82% Caucasian patients in the cumulative DOAC group
(►Table 1).

Measurements
Representative ClotChip readouts from five healthy volun-
teers are shown in ►Fig. 3A. Measurements of the real
permittivity obtained at 1MHz were normalized to the

maximum permittivity value for the entire duration of the
experiment. This normalized real permittivity exhibited a
repeatable characteristic rise to peak permittivity upon the
start of each experiment, which is referred to as Tpeak and,
based on our previous studies, is indicative of coagulation
time. Mean Tpeak for the control group was 428 seconds (95%
CI: 401–455 seconds; ►Fig. 3B). Coefficient of variation (CV)
among duplicate ClotChip measurements was calculated as
the ratio of the within-subject SD and the overall
mean� 100.15 Healthy samples (control) exhibited a CV of
5.56% for duplicate ClotChip measurements. All healthy
participants had normal coagulation parameters (►Fig. 4A,

B); the normal PT range was 11.5 to 13.8 seconds, and the
normal aPTT range was 20.6 to 32 seconds (mean� 2 SD).

For the rivaroxaban group drawn at Tmax (n¼ 25), the
median time since the last dosewas 4.3 hours; the rangewas
1.5 to 6 hours. ClotChip measurements for this rivaroxaban
group showed significantly prolonged mean Tpeak (637 sec-
onds, 95% CI: 589–687 seconds) compared with control
(p< 0.001; ►Fig. 3D). PT values ranged from 13.8 to 22 sec-
onds (►Fig. 4A), and aPTT values extended from 26.9 to
51.1 seconds (►Fig. 4B). The rivaroxaban concentration
ranged from 66 to 498 ng/mL (►Fig. 4C), while the mean
rivaroxaban concentration was 253 ng/mL (►Fig. 4C). Meas-
urements for all rivaroxaban samples (n¼ 49) showed a
mean Tpeak of 592 seconds (95% CI: 550–634 seconds) that
remained significantly prolonged compared with control
(p< 0.001; ►Fig. 3C, D). CV for duplicate rivaroxaban meas-
urements was 6.51%. Mean PT was 16.8 seconds (range:
12.7–22 seconds; ►Fig. 4A). Mean aPTT was 37.7 seconds
(range: 26.9–51.1 seconds; ►Fig. 4B). The range of

Table 1 Demographic and baseline characteristics of accrued individuals

Control (n¼ 50) Rivaroxaban (n¼ 49) Apixaban (n¼ 47) Dabigatran (n¼ 8)

Age (y) 61.6� 8.7 66.6� 7.6 71.4� 9.5 67.3� 5.5

Sex, no. (%)

Male 50 (100%) 49 (100%) 47 (100%) 8 (100%)

Race, no. (%)

Caucasian 25 (50%) 40 (82%) 37 (79%) 8 (100%)

African American 24 (48%) 5 (10%) 6 (13%) 0 (0%)

Other 1 (2%) 4 (8%) 4 (8%) 0 (0%)

Body mass index (kg/m2), mean� SD 29.78� 9.3 30.57� 5.65 30.59� 6.26 31.76� 4.51

Estimated glomerular filtration rate, no. (%)

� 80 mL/min 25 (50%) 14 (29%) 13 (28%) 4 (50%)

50–80mL/min 23 (46%) 30 (61%) 27 (57%) 4 (50%)

30–50mL/min 2 (4%) 5 (10%) 7 (15%) 0 (0%)

Liver function, mean� SD

Bilirubin, total (mg/dL) 0.5� 0.1 0.5� 0.2 0.6� 0.3 0.8� 0.2

Aspartate aminotransferase (U/L) 27� 11 23� 9 22� 10 26� 7

Alanine aminotransferase (U/L) 34� 13 32� 13 29� 13 35� 16

Alkaline phosphatase (U/L) 83� 26 78� 20 88� 24 77� 18

Abbreviation: SD, standard deviation.
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Fig. 3 ClotChip measurements. (A) Representative ClotChip curves from five healthy volunteers. For all curves of the ClotChip readout, error
bars indicate duplicate measurements. (B) Normal distribution of time-to-peak permittivity (Tpeak) for the control group (mean¼ 428 seconds;
95% confidence interval [CI] of the mean: 401–455 seconds; n¼ 50). (C) ClotChip readout from five patients on rivaroxaban showed prolonged
Tpeak (representative curves in red) compared with the curve from a healthy volunteer (indicated in black). Error bars indicate duplicate
measurements. (D) ClotChip Tpeak measurements from rivaroxaban samples drawn at time of peak plasma rivaroxaban concentration (defined as
Tmax, n¼ 25) and cumulative values from all rivaroxaban samples drawn at peak and trough plasma drug levels (Riva – All, n¼ 49) versus control
samples (n¼ 50). Each dot represents the mean of ClotChip measurements run in duplicate for each individual sample. Box-and-whiskers
diagrams extend from each quartile to the minimum/maximum distribution. The horizontal line represents the median. �p< 0.001. (E)
Representative ClotChip curves are shown for five apixaban samples drawn from patients at predicted peak plasma drug levels. Error bars
indicate duplicate measurements for each sample. (F) Tpeak measurements for all apixaban samples (n¼ 47) versus control samples (n¼ 50).
�p< 0.001. (G) Representative ClotChip measurements, run in duplicate, from patients on therapeutic dabigatran. (H) Quantitative
representation of dabigatran Tpeak measurements (n¼ 8) versus control (n¼ 50). �p< 0.001.
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rivaroxaban concentration for all samples was 27 to 498 -
ng/mL (►Fig. 4C), while the mean concentration was
221 ng/mL.

In the apixaban group, the median time since the last dose
was 3.4 hours with a range of 2.5 to 4 hours. Mean Tpeak for
apixaban was significantly prolonged (594 seconds, 95% CI:
548–639 seconds) comparedwith control (p< 0.001;►Fig. 3E,

F). CV for duplicate apixaban measurements was 6.7%. A
considerable number of apixaban samples had PT (24 out of
47) and aPTT (37 out of 47) values that fell within the normal
range (►Fig. 4A, B). The mean apixaban concentration was
175 ng/mL; range extended from36.6 to 359 ng/mL (►Fig. 4C).

For the dabigatran group, the median time since last dose
was 2.6 hours, range was 1.5–4 hours. Mean Tpeak was very
prolonged (894 seconds, 95% CI: 701–1,086 seconds) com-
pared with control (p< 0.001; ►Fig. 3G, H). CV for duplicate
dabigatran measurements with ClotChipwas 4.79%. PTvalues
ranged from 13.5 to 20.3 seconds (►Fig. 4A), and aPTT values
extended from 29.2 to 59 seconds (►Fig. 4B). The mean

dabigatran concentration was 228.2 ng/mL; the range was
62 to 427.5 ng/mL (►Fig. 4C).

PT sensitivity for all rivaroxaban samples and for sam-
ples drawn at Tmax was 0.9 and 0.96, respectively. PT
sensitivity for apixaban was determined to be 0.49, where-
as for dabigatran this was 0.98 (►Fig. 4D). Similarly, aPTT
sensitivity for all rivaroxaban samples was 0.67 and rose to
0.84 for those samples drawn at Tmax. The sensitivity of
aPTT for apixaban samples was the lowest at 0.23 and for
dabigatran this was 0.88 (►Fig. 4D). Both routine coagula-
tion tests had specificity of 1 (►Fig. 4D). Moreover, there
was no significant correlation between ClotChip Tpeak
parameter and hematocrit or platelet count in the entire
study population (►Supplementary Fig. S1 [available in the
online version]).

Prior studies have shown a linear, concentration-depen-
dent relationship between DOAC levels and anti-Xa activity
over a wide range of concentrations when measured using a
standard curve generated with drug-specific calibrators and

Fig. 4 Plasma-based coagulation assays in the accrued cohort. (A) Prothrombin time (PT) results in healthy (control) individuals and patients on
each DOAC agent. (B) Activated partial thromboplastin time (aPTT) results in control and DOAC individuals. Riva – Tmax refers to rivaroxaban
samples drawn at time of peak plasma rivaroxaban concentration (n¼ 25); Riva – All refers to cumulative values from all rivaroxaban samples
drawn at peak and trough plasma drug levels (n¼ 49); Apixaban: n¼ 47; Dabigatran: n¼ 8. The horizontal line in panels (A) and (B) represents
the normal reference range for PT and aPTT, respectively. (C) Steady-state plasma drug levels for each DOAC cohort. A small number of healthy
(control) samples were randomly selected for anti-Xa activity testing. Each dot in panels (A)–(C) represents the mean of duplicate measurements
for each individual sample. Box-and-whiskers diagrams extend from each quartile to the minimum/maximum distribution. (D) Sensitivity and
specificity of PT and aPTT assays in the DOAC cohort. DOAC, direct oral anticoagulant.
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controls (R2: 0.95–1.00),16–18 but this correlation was less
robust at concentrations below 100 ng/mL.17 In this frame-
work, we reviewed all anti-Xa and dilute thrombin time
(dTT) results in the study cohort and identified samples
with DOAC levels below 100 ng/mL. Twelve of these samples
were from the rivaroxaban group, 8 were apixaban samples,
and 1 was from the dabigatran group. The range of anti-Xa
activity for rivaroxaban samples was 33 to 89 ng/mL; for
apixaban samples, the anti-Xa range was 36 to 99 ng/mL;
the single dabigatran sample yielded a drug level of
62 ng/mL. Imposing a threshold of 530 seconds, we deter-
mined the number of samples that were accurately cap-
tured as prolonged (true positives) by the ClotChip Tpeak
parameter and compared these with the number of samples
accurately detected by conventional coagulation tests (PT
and aPTT). For rivaroxaban, PT was prolonged in 9/12
samples (►Fig. 5A) and aPTT was above normal range in
5/9 samples (►Fig. 5B). The ClotChip Tpeak parameter cap-
tured eight out of 12 rivaroxaban samples with anti-Xa
levels below 100 ng/mL (►Fig. 5C). For apixaban samples,
the ClotChip Tpeak parameter accurately captured five out of

eight samples (►Fig. 5C), whereas PTwas prolonged in only
one out of eight samples (►Fig. 5A) and aPTTwas normal in
all (►Fig. 5B). For the dabigatran sample, both the PT and
aPTT were within normal range (►Fig. 5A, B), whereas the
ClotChip Tpeak parameter was appropriately prolonged
(►Fig. 5C). Sensitivity and specificity for each assay are
outlined in ►Fig. 5D. In this cohort of samples with DOAC
concentrations below 100 ng/mL, we found no significant
correlation between Tpeak parameter and DOAC drug levels
(►Supplementary Fig. S2 [available in the online version]).
Although additional studies are required to increase the
number of clinical samples, these data indicate that
ClotChip can detect the anticoagulant effect of low DOAC
concentrations.

A receiver operating characteristic (ROC) curve was then
generated for ClotChip using statistical software to determine
the true-positive rate (sensitivity) and false-positive rate (100%
– specificity) (►Fig. 6). Using all samples and imposing a
diagnostic threshold of Tpeak� 530 seconds conferred a speci-
ficity of 88% for any DOAC. The AUC for ClotChip Tpeak in the
rivaroxaban subgroup drawn at Tmax was 0.92 (95% CI:

Fig. 5 Diagnostic sensitivity of coagulation assays and ClotChip at low DOAC concentrations. (A) Prothrombin time (PT) results in DOAC samples
with drug concentrations less than 100 ng/mL. (B) Activated partial thromboplastin time (aPTT) results in the same cohort. Rivaroxaban: n¼ 12;
apixaban: n¼ 8; dabigatran: n¼ 1. The horizontal line in panels (A) and (B) represents the normal reference range for PT and aPTT, respectively.
(C) ClotChip Tpeak levels in low DOAC concentrations. The horizontal line represents the upper limit of normal range (i.e., Tpeak ¼ 530 seconds).
Each dot in panels (A)–(C) represents the mean of duplicate measurements for each individual sample. (D) Sensitivity and specificity of PT, aPTT
assays, and ClotChip Tpeak in the prespecified DOAC cohort. DOAC, direct oral anticoagulant.
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0.86–0.98, p< 0.01); the AUC for ClotChip Tpeak across all
rivaroxaban samples was 0.83 (95% CI: 0.75–0.91, p< 0.01).
The AUC for Tpeak in the apixaban group was 0.82 (95% CI:
0.73–0.91, p< 0.01) and for dabigatran was 1 (95% CI: 1–1,
p< 0.01).

Discussion

DOACs have positively affected patients on anticoagula-
tion.19–23 Despite the lower incidence of bleeding with
DOACs, the increasing number of patients prescribed these
anticoagulants24–26 suggests that a higher absolute number
of patients are at risk.27 With rising DOAC use, efforts have
turned to measuring DOAC levels or surrogate markers of
coagulation. Considerations for DOAC monitoring would fall
in two broad categories. One category is emergency situa-
tions, and the other category is monitoring for patients with
characteristics that do not conform to the normal range
(body mass index> 40, suboptimal liver or renal function,
interfering medications). Acute clinical scenarios such as
major bleeding, need for emergency surgery, or decision
making for DOAC reversal would utilize a one-timemeasure-
ment to determine if a DOAC is present. In these situations,
DOAC testing should consist of simple sample processing,
rapid turnaround times, and considerable sensitivity to be
useful. The gold-standard liquid chromatography/tandem
mass spectrometry is generally unavailable outside of re-
search settings, and drug levels do not correlate with clinical
outcomes.28,29 Specialized coagulation tests including dTT,
ecarin chromogenic assay (ECA), and drug-specific anti-Xa
assays are not widely available. For the majority of cases, the
only coagulation test available at all times is the aPTT and

PT/international normalized ratio. A limitation of these tests
is the preparation of plasma, which under ideal conditions
takes approximately 35minutes.30 Moreover, standard
coagulation tests have inadequacies when used to monitor
DOACs due to significant variability in methodology and
reagents used.1,31–37 Therefore, a coagulation test that can
be procured and processed at the POC, provides a binary yes
or no answer for the presence of DOAC anticoagulant effect,
exhibits improved reliability and sensitivity over standard
coagulation tests, and is cost effective would be of significant
benefit.

We developed a novel dielectric microsensor, termed
ClotChip, which performs dielectric coagulometry on a
miniscule volume of whole blood. We previously showed
that two distinct parameters of the ClotChip readout, Tpeak
and Δεr,max, provide independent information on hemo-
static functions arising from noncellular (coagulation fac-
tor) and cellular (platelet) components, respectively.2,3 In
the present study, we evaluated the clinical utility of
ClotChip in detecting the anticoagulant effect of DOACs.
We found that the Tpeak parameter was significantly pro-
longed in all three DOAC groups compared with healthy
controls (►Fig. 3). Diagnostic specificity across all DOACs
was 88%; sensitivity for rivaroxaban was 73% (with 92%
sensitivity observed in the Tmax subgroup), 72% for apix-
aban, and 100% for dabigatran. We found the sensitivity
and diagnostic accuracy of PT and aPTT for DOACs to be
improved compared with prior reports (►Fig. 4D). A cogent
explanation for these results is the optimal conditions in
which routine coagulation tests were performed, i.e., a
single individual completed all testing, samples were run
on a single coagulometer, and the same lot of reagents was
used throughout the study. In contrast to the results shown
here, previously published studies reported the sensitivity
of PT for rivaroxaban to range from 59 to 98% among
thromboplastin reagents.1,33,34,38–41 For apixaban, across
in vitro and ex vivo samples for a variety of reagents, the
correlation between PT and on-treatment apixaban levels
was modest, with R2 values of 0.36 to 0.41.33,34 As with PT,
commercial aPTT reagents differ in their sensitivity to
dabigatran. The aPTT of plasma spiked with dabigatran
(120 ng/mL) ranged from 26 to 91.9 seconds in a cross-
validation study of nine different aPTT methods.1,41 The
least sensitive reagents required a dabigatran concentra-
tion of 400 ng/mL to produce a twofold prolongation in the
aPTT value over control.41 In comparison, ClotChip exhib-
ited consistently high sensitivity across all three DOAC
agents, results were available within 30minutes and
were reproducible among duplicate measurements, and
no sample preprocessing or specialized reagents were
required.

The fact that standard coagulation tests may falsely miss
therapeutic DOAC concentrations can have significant impli-
cations. In the REVERSE-AD trial, only 8.3% of patients
treatedwith idarucizumab had normal dTTor ECA, requiring
no reversal; however, 130 patients had normal aPTT
results.42 In the ANNEXA-4 trial, a portion of treated patients
were eventually excluded, because DOAC activity at

Fig. 6 Receiver operator characteristic (ROC) curves of the ClotChip
Tpeak parameter for detection of DOAC anticoagulant effects. ROC
curves were generated using statistical software to determine the
true-positive rate (sensitivity) and false-positive rate (100% – speci-
ficity). The area under the curve (AUC) for ClotChip Tpeak was 0.92
(95% CI: 0.86–0.98, p< 0.01) for rivaroxaban samples drawn at peak
drug levels (n¼ 25, brown squares) and 0.83 (95% CI: 0.75–0.91,
p< 0.01) for all rivaroxaban samples drawn at peak and trough drug
levels (n¼ 49, red circles). For apixaban, AUC for Tpeak was 0.82 ([95%
CI: 0.73–0.91, p< 0.01]; n¼ 47, blue triangles), whereas AUC was 1 for
dabigatran ([95% CI: 1–1, p< 0.01]; n¼ 8, green inverted triangles). CI,
confidence interval.
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enrollment was found to be too low.43 Although additional
studies are warranted, ClotChip can be incorporated into the
emergency patient workflow in all these scenarios. Results
can be performed at the POC and acted on, with administra-
tion of an antidote, if positive, or not, if negative. Similarly,
ClotChip can also be used effectively for DOAC patients
presenting with interval thrombotic events, when thrombo-
lytics are considered.

Strengths of our study include the comprehensive char-
acterization of coagulation parameters in “real-world” DOAC
patients, large sample size, time-specific sample collection,
and wide range of DOAC activity in plasma similar to levels
reported in pivotal phase 3 trials. In contrast to our study, the
majority of studies evaluating the relationship between
DOACs and coagulation parameters used spiked pooled
plasma or spiked healthy donor plasma rather than ex vivo
patient samples, which considerably reduced inter-sample
variability.44

Other devices have been developed for DOAC monitoring
at the POC. The urine-based dipstick approach provides a
qualitative assessment of DOAC exposure,45,46 but
the degree of correlation between urine and plasma
DOAC levels is presently unknown. Moreover, personnel
training is required, and urine color, timing of drug inges-
tion to urine sampling, and renal insufficiency can all
potentially interfere with the interpretation of the test
results.46 Alternative microfluidic devices are being devel-
oped47,48; however, results are based on in vitro spiking of
samples or limited patient information, and readouts are
based on fluorescence detection and optical imaging, which
require additional sample processing and bulky equipment
that may hamper development of a miniaturized system. In
contrast, ClotChip is a fully electronic blood-clotting assay
that utilizes a small amount of whole blood (<10 µL) and
provides rapid results using objective readout thereby
minimizing the need for technical training or result inter-
pretation. All of these are ideal features for a portable
screening device.

There are limitations in this study. First, the accrual of
male participants only, which can influence coagulation
parameters.49 Second, despite the overall large number of
participants, there were a limited number of samples in the
dabigatran cohort. Finally, samples were collected at
expected peak and trough levels only for the rivaroxaban
group. To address these limitations, we will soon be
opening a multicenter clinical study in collaboration with
civilian centers, which is expected to improve our accrual
of female participants. This study will also include peak
and trough blood draws for apixaban- and dabigatran-
treated patients.

In conclusion, the present study evaluated the clinical
utility of a device, termed ClotChip, in detecting the antico-
agulant effect of DOACs. Across patients on rivaroxaban,
apixaban, and dabigatran, ClotChip exhibited clinically rel-
evant detection sensitivity compared with standard coagu-
lation tests. A major obstacle for implementing DOAC
testing in clinical laboratories is reliability, performance,
and cost. ClotChip represents a sensitive whole-blood assay

that can be performed cost-effectively at the POC with rapid
turnaround times, showcasing its potential to guide patient
care in defined scenarios with DOACs.

What is known about the topic?

• There are acute settings where assessing the anticoag-
ulant effect of direct oral anticoagulants (DOACs) can
be useful.

• Due to variability among routine coagulation tests,
there is an unmet need for an assay that rapidly detects
DOAC effects in the laboratory or at the point of care
(POC).

• A novel dielectric microsensor, termed ClotChip, has
previously been shown to feature a readout parameter,
i.e., time to reach peak permittivity (Tpeak) that is
sensitive to coagulation function.

What does this paper add?

• This study evaluates the clinical utility of ClotChip in
detecting the anticoagulant effect of three different
DOACs (rivaroxaban, apixaban, and dabigatran).
ClotChip exhibits consistently high sensitivity across
all three DOAC agents.

• ClotChip results are available within 30minutes and
are reproducible among duplicate measurements, and
no sample preprocessing or specialized reagents are
required.

• ClotChip represents a sensitivewhole-blood assay that
can be performed cost-effectively at the POCwith rapid
turnaround times, showcasing its potential to guide
patient care in defined scenarios with DOACs.
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