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NMR DETECTION OF COAGULATION TIME

[001] The invention relates to detecting coagulation and coagulation-related activities such

as, for example, agglutination and fibrinolysis of samples (e.g., human blood samples). More

particularly, the invention relates to methods and apparatus for obtaining a coagulation time

of a sample (e.g., plasma, blood concentrate, citrated blood) using NMR-based detectors.

BACKGROUND OF THE INVENTION

[002] Hemostasis, the physiological process of preventing excess blood loss by arresting

flow via the formation of a hemostatic plug while maintaining blood in a fluid state within

intact blood vessels, is maintained by tightly regulated interactions of the blood vessel wall,

blood platelets, and blood plasma proteins. Under normal conditions there is a delicate

balance between the individual components of the hemostatic system. Any disturbances in

this balance, called the hemostatic potential, can result in either uncontrolled bleeding or

formation of unwanted blood clots (thrombosis). Clinical assessment of clotting function has

long been recognized to be important in management of surgical patients. Preoperatively,

assessment of clotting function of a patient's blood is utilized as a predictor of risk of patient

bleeding, allowing advanced preparation of blood components. Perioperative monitoring of

clotting function of a patient's blood is also important because coagulopathies can be induced

by hemodilution of procoagulants, fibrinogen and platelets, as a result of consumption of

coagulation factors during surgical procedures, or cardiac procedures (e.g., cardiopulmonary

bypass). Post-operative assessment of clotting function can also be crucial to a patient's

successful recovery.

[003] Coagulation is defined as transformation of a liquid or solution into a soft, semi-solid

or solid mass. Blood naturally coagulates or clots to form a barrier when trauma or pathologic

conditions cause vessel damage. There are two well-recognized coagulation pathways: the

Contact Activation or thromboplastin-controlled pathway (formerly known as the extrinsic

pathway) and the Tissue Factor or prothrombin/fibrinogen-controlled coagulation pathway

(formerly known as the intrinsic pathway). Both the Contact Activation and Tissue Factor

pathways result in the production of thrombin, a proteolytic enzyme which catalyzes the

conversion of fibrinogen to fibrin.

[004] Blood coagulation or clotting assays are principally used for screening or diagnosis

and/or monitoring the hemostatic or coagulation status of a subject (e.g., a patient). There are



many types of coagulation assays, including prothrombin time (PT), partial thromboplastin

time (PTT) or activated partial thromboplastin time (APTT), fibrinogen assay, thrombin

clotting time (TCT, TAT, or TT), activated clotting time (ACT). PT monitors the Contact

Activation pathway of coagulation, and is useful for monitoring, e.g., antithrombotic therapy,

for example, warfarin therapy. PTT or APTT detects factor changes in the Tissue Factor

coagulation cascade (e.g., factors VIII, IX, XI, XII, other enzymes and factors), and is used

primarily to monitor heparin therapy. Similarly, ACT evaluates the Tissue Factor pathways

of coagulation and is useful for monitoring e.g., anticoagulation therapy, e.g., heparin therapy

in situations where an APTT test cannot be performed, such as, for example if a patient was

administered a high dose of heparin. TCT is not sensitive to deficiencies in either pathway,

and measures a common pathway at the level of prothrombin to test for fibrinogen

polymerization. The fibrinogen assay by the Clauss method (clotting method) utilizes

activating levels of thrombin to initiate coagulation of a sample, and resulting coagulation

time correlates with levels of fibrinogen in the sample.

[005] The majority of coagulation assays for clinical assessment of patients are performed

using the PT test. The PT test measures the activation of the Contact Activation coagulation

pathway by addition of tissue thromboplastin. PT tests can be used for a number of different

applications, including, for example, monitoring patients undergoing antithrombotic therapy

(e.g., anticoagulant therapy) and assessing the status of a various clotting disorders including,

e.g., acquired platelet function defect, congenital platelet function defects, congenital protein

C or S deficiency, deep intracerebral hemorrhage, DIC (Disseminated intravascular

coagulation), factor II deficiency, factor V deficiency, factor VII deficiency, factor X

deficiency, hemolytic-uremic syndrome (HUS), hemophilia A, hemophilia B, hemorrhagic

stroke, hepatic encephalopathy, hepatorenal syndrome;,hypertensive intracerebral

hemorrhage, idiopathic thrombocytopenic purpura (ITP), intracerebral hemorrhage, lobar

intracerebral hemorrhage, placenta abruption, transient ischemic attack (TIA), and Wilson's

disease.

[006] Traditionally, coagulation parameters are determined by "wet chemistry" testing,

wherein an aliquot of blood sample is mixed with one or more liquid coagulation reagents

and the point of time at which the blood clots is detected. Results are indicated either directly

(in seconds) or in the form of derived quantities such as ratio to a respective normal value (in



percent). With respect to PT, common derived results for clotting indication include % Quick

and the WHO standard, INR (International Normalized Ratio) values.

[007] A number of various apparatuses and methods exist for measuring coagulation time of

blood samples. Coagulation detection methods include detecting an increase in viscosity

(viscosity detection method), detecting turbidity (turbidity detection method), and combined

viscosity/turbidity detection methods. Other methods of coagulation detection employ multi-

layered porous membranes impregnated with one or more coagulation reagents. Impregnated

coagulation reagent(s) initiate coagulation of a sample (e.g., a predetermined blood volume),

producing a detectable signal and the assays sometimes require predetermined blood

volumes. Still other methods employ detection of oscillation of magnetic particles suspended

in a reagent in a changing electric field, wherein oscillations change as a blood sample clots.

Still other methods simply measure a change in light absorbance through a sample before and

after a clotting reaction.

[008] Most current methods have limitations which make them unsuitable or inconvenient

for point of care testing or home use. Some require special blood sample preparation and

handling or sophisticated equipment, making them suitable only for central laboratory

facilities having qualified staff. Others, though possible for home use, are not cost effective

for commercialization, or encounter implementation challenges (e.g., methods that require

filtration of a sample through porous membranes pose wetting and uniform reagent

impregnation difficulties).

[009] Furthermore, besides cost and challenge of operation, a number of methods do not

measure coagulation directly; and most tests do not measure coagulation without the use of

an additive. Indirect measurement has been known to pose problems of accuracy in many

samples. Other methods, while appearing to function well, can be limited to a narrow range

of blood types, therapeutic windows, restricted by a long list of interfering factors or require

large volumes of blood.

[0010] Thus, current blood coagulation tests are generally complex and the bulk of them are

performed in a centralized clinical laboratory, at a clinic, or at a physician's office. Required

visits to a clinic or a doctor's office on a regular basis to monitor anticoagulation therapy can

be both inconvenient and expensive for a patient. Thus, there is a need for easy-to-use,

compact, and portable instruments to facilitate use at "point of care" (POC) locations, within

a surgical suite, orfor a patient to monitor blood coagulation status at home.



SUMMARY OF THE INVENTION

[0011] The present invention provides non-optical methods for monitoring and measuring

coagulation (e.g., blood coagulation, plasma coagulation) using nuclear magnetic resonance

parameters detectable by relaxometer readings. Provided methods allow for accuracy and

precision at point of care (POC) settings or at home settings, which are currently available

only through central laboratory facilities. Provided methods can be used optionally without a

need for additives beyond a coagulation reagent for initiating the coagulation process to be

measured; can measure coagulation directly without sample interference due to non-invasive

detection; allows fast determination of coagulation state changes, thereby providing real time

monitoring of samples; are not limited to blood type, therapeutic window or other interfering

factors; are not limited to clear samples required for optical assessment; require only small

amounts of coagulating sample; and can provide highly time-resolved coagulation curves that

allow for profiling of coagulation abnormalities. The present invention further provides test

carriers for containing samples used in methods provided herein.

[0012] One embodiment of the present invention is a method for measuring a coagulation

time. The method comprises providing a test carrier containing a sample within a detection

volume of a NMR detector and measuring a change in a NMR parameter over time to

determine the coagulation time, wherein the measured change in NMR parameter over time

provides a measurement of coagulation time

[0013] A further embodiment of the present invention is a method for determining the

coagulation state and/or coagulation time of a sample using a nuclear magnetic resonance

(NMR) device. The method includes the following steps: a) providing a test carrier

containing the sample within a detection volume of an NMR detector of the NMR device; b)

performing NMR measurements on the sample to determine at least two values of an NMR

parameter of the sample over time, the NMR parameter being responsive to coagulation in

the sample; and c) assessing the values determined in step b) to obtain the coagulation state

and/or coagulation time of the sample.

[0014] A further embodiment of the present invention is a method for determining the extent

of coagulation of a blood sample obtained from a subject. The method includes the following

steps: a) measuring an NMR parameter of the blood sample, wherein the NMR parameter is

responsive to the extent of coagulation; b) comparing the measured value of the NMR

parameter obtained in step a) with a known value for the NMR parameter wherein the known



value has been correlated with the extent of coagulation in blood; c) assessing the extent of

coagulation from the comparison made in step b).

[0015] A further embodiment of the present invention is a method for determining the

coagulation time of a blood sample obtained from a test subject. The method includes the

following steps: a) measuring an NMR parameter of the blood sample, wherein the NMR

parameter is responsive to the extent of coagulation; b) comparing the measured value of the

NMR parameter at a given time obtained in step a) with a standard coagulation-time-curve

that provides a standard curve of change of the NMR parameter over time due to coagulating

blood; and c) determining the coagulation time from the comparison in step b).

[0016] A further embodiment of the present invention is a method for monitoring coagulation

of a blood sample from a test subject. The method includes measuring a plurality of values of

an NMR parameter of the blood sample over time, wherein the NMR parameter is responsive

to the coagulation state of the blood sample.

[0017] A further embodiment of the present invention is a method for diagnosing an

abnormal clotting event in a blood sample of a test subject. The method includes a)

providing at least one test carrier, each test carrier containing a blood sample from the test

subject, and being within a detection volume of an NMR detector; b) obtaining test data of

an NMR parameter over time, the NMR parameter being responsive to coagulation in the

blood sample of each test carrier; and c) comparing one or more characteristics of the test

data obtained in step (b) with those of a standard coagulation-time-curve of the NMR

parameter responsive to normal coagulation to thereby diagnose an abnormal clotting event in

the subject.

[0018] A further embodiment of the present invention is a test carrier. In some embodiments

a test carrier comprises a carrier and one or more coagulation reagents that induce or support

coagulation in a sample. In other embodiments a test carrier comprises a carrier and one or

more coagulation reagents that activate coagulation. In certain embodiments a test carrier

includes a carrier in which one or more interior surfaces have been etched. In certain

embodiments, a test carrier includes a carrier suitable for NMR measurements and one or

more coagulation reagents that induce or support coagulation in a sample.

[0019] The foregoing will be apparent from the following more particular description of

example embodiments with reference to the drawings described below, and the claims. The



drawings are not necessarily to scale, emphasis instead generally being placed upon

illustrating the principles of the invention. In the following detailed description, references

are made to illustrative embodiments of methods and apparatus for carrying out the invention.

It is understood that other embodiments can be utilized without departing from the scope of

the invention. Preferred methods and apparatus are described for performing blood

coagulation tests of the type described herein.

[0020] Throughout the description, where methods are described as having, including, or

comprising steps, it is contemplated that, additionally, there are methods and systems of the

present invention that consist essentially of, or consist of, the recited processing steps. It

should be understood that the order of steps or order for performing certain actions is

immaterial so long as the invention remains operable. Moreover, two or more steps or

actions may be conducted simultaneously.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] FIGURE 1 depicts illustrative elements of an NMR detector and test carrier utilizing

underlying principles of the present invention for measurement of coagulation time.

[0022] FIGURE 2 depicts a graphical result demonstrating reduction in T2 relaxation time

during coagulation induced by addition of calcium chloride to a mixture of plasma and an

APTT reagent, CEPHALINEX ®.

[0023] FIGURE 3 depicts a graphical result providing normal and abnormal aPTT plasma

clotting/coagulation obtained by measuring changes of T2 relaxation time over time using

time-resolved relaxation time acquisition methodology.

[0024] FIGURE 4 depicts a graphical result providing normal and abnormal PT plasma

clotting/coagulation obtained by measuring changes of T2 relaxation time over time using

time-resolved relaxation time acquisition methodology.

[0025] FIGURE 5 depicts a graphical result providing two discrete abnormal plasma

clotting/coagulation curves, relative to normal plasma clotting/coagulation, obtained by

measuring changes of T2 relaxation time over time using time-resolved relaxation time

acquisition methodology.

[0026] FIGURE 6 depicts a graphical result providing a correlation between a coagulation

measurement method of the present invention and a commercial bench-top coagulation



instrument from Diagnostica Stago (Parsippany, NJ), called the Start-4. Prothrombin Time

(PT) and Activated Partial Thromboplastin Time (aPPT) were measured with both methods.

[0027] FIGURES 7a and 7b depict schematic graphical representations of two different

magnetic resonance pulse sequences for measuring T2: (7a) A spin echo sequence consists of

two radiofrequency (RF) pulses: a 90°, x phase, and a 180°, y phase, separated by a delay τ.

The echo signal appears at time 2τ. T2 is measured by obtaining the echo signal from

successive cycles using incremental values of τ. The recycle delay, dl, is typically 1-3 sec.

(7b) A CPMG sequence allows for much faster T measurements because multiple echos are

acquired in rapid succession by a series of 180°, y phase RF pulses and signal acquisitions.

T2 measurements acquired with a CPMG sequence avoid diffusion artifacts because of the

short time over which the measurement occurs.

DETAILED DESCRIPTION OF THE INVENTION

[0028] In a broad aspect, the present invention provides methods for detecting a change in a

sample (e.g., a blood sample) coagulation state, for example, monitoring blood clotting

(hereinafter also "coagulation") using time-resolved relaxation time acquisition methodology.

Provided methods for measuring coagulation time of a sample (e.g., a blood sample) are

simple to practice, rapid, and reliable.

[0029] As used herein, a "subject" encompasses mammals and non-mammals. Examples of

mammals include, but are not limited to, any member of the mammalian class, including

humans, non-human primates such as chimpanzees, and other apes and monkey species; farm

animals such as cattle, horses, sheep, goats, swine; domestic animals such as rabbits, dogs,

and cats; laboratory animals including rodents, such as rats, mice and guinea pigs; etc.

Examples of non-mammals include, but are not limited to, birds, fish, etc. In some

embodiments a subject includes a clinical patient.

[0030] As used herein, a sample can be a biologic sample, for example, a blood sample (e.g.,

whole blood, plasma, blood concentrate, citrated blood) from a subject, or a liquid containing

compounds (e.g., monomers) that can coagulate, for example, upon providing conditions

suitable for coagulation.

[0031] A blood sample can be obtained from a subject (e.g., a patient) by traditional means

such as venipuncture or a finger prick. A sample can be applied, for example via sample

application port, onto a test carrier. In one aspect of the invention, a sample of blood



obtained from a subject can be used without additional manipulation in the methods and

apparatus of the invention hi some embodiments a whole blood sample is used in

conjunction with provided methods. Alternatively, a blood sample obtained from a subject

can be treated to remove, either completely or partially, red blood cells. In some

embodiments blood cells are removed by any of known methods, such as, for example,

centrifugation, reacting sample with a red blood cell agglutinant, or by employing a red blood

cell filter. In some embodiments plasma is used in conjunction with provided methods.

[0032] In some embodiments sample blood or plasma can be optionally diluted prior to

coagulation. A diluent can simply be an aqueous solution or it can be a non-aqueous solution,

and optionally can include various additives, such as, for example, salts, proteins, sugars,

saccharides, metal ions, such as calcium, magnesium, lanthanides, and the like. Certain

formulations of a diluent can include gelatin-containing composition and/or emulsion. In

some embodiments, a diluent is a saline solution. In some embodiments, a diluent is a buffer

solution, e.g., citrate buffer

[0033] A sample may be maintained at a temperature of about 20°C to about 40°C. In some

embodiments a sample is maintained at about room temperature, about 22°C, about 25°C,

about 30°C, about 350C, about 37°C or about 400C. In certain embodiments, a blood sample

is maintained at about body temperature, or about 37°C. Regardless of a preferred selected

temperature, a sample is preferably maintained at about constant temperature throughout the

process of obtaining measurement of NMR readings.

[0034] A coagulation time can be one or more of the blood coagulation times, including

prothrombin time (PT), partial thromboplastin time (PTT), activated partial thromboplastin

time (APTT), fibrinogen assay, thrombin clotting time (TCT), fibrinogen assay, and activated

clotting time (ACT).

[0035] In certain embodiments a sample may be heparinized and/or mixed with one or more

reagents. In some embodiments a reagent may include, for example, an anti-coagulant. In

other embodiments, a reagent may include, for example, a coagulant, a coagulation agent

(e.g., calcium (e.g., calcium chloride)), kaolin, celite, ellagic acid, glass particles, thrombin,

thromboplastin, PT reagent, PTT or APTT reagent, ACT reagent, TCT reagent, fibrinogen

reagent), or a heparin neutralizing or deactivating agent (e.g., heparinase, protamine).

[0036] As used herein, "coagulation reagent" refers to a reagent that induces and/or supports

(e.g., accelerates) coagulation when mixed with the sample, for example, a blood sample,



under conditions suitable for the reagent to induce or support coagulation in the sample.

These conditions are known in the art. Coagulation reagents include but are not limited to a

prothrombin time (PT) reagent, a partial thromboplastin time (PTT)/ activated partial

thromboplastin time (APTT) reagent, thrombin clotting time (TCT) reagent, fibrinogen

reagent, an activated clotting time (ACT) reagent, calcium (e.g., calcium chloride)), kaolin,

celite, ellagic acid, glass particles, thrombin, thromboplastin; wherein specific agents

comprising reagents for each test(s) are well known and have been described in the art, and

are available through commercially available sources.

[0037] For example, a PT reagent can include any of STA® Neoplastine CL, STA®

Neoplastine CL Plus (Diagnostica Stago, Parsippany, NJ, USA); Thromborel S, Innovin,

Thromboplastin CL, Thromboplastin C Plus (Dade Behring, Liederbach, GERMANY);

Plastinex (BioData Corporation, Horsham, PA, USA); Diaplastin (Diamed AG,

SWITZERLAND); Thromboplastin, Thromboplastin M l (Helena Laboratories, Beaufort,

TX, USA ); PT-Fibrinogen, PT-Fibrinogen HS, PT-Fibrinogen HS+, PT-Fibrinogen

Recombinant, Brain Thromboplastin, RecombiPlasTin (Instrumentation Laboratory,

Bedford, MA, USA); Simplastin, Simplastin Excel, Simplastin Excel S, Simplastin L, MDA

Simplastin L, Simplastin HTF, MDA Simplastin HTF (bioMerieux, St. Laurent, Quebec,

CANADA); Thromboplastin-D with Calcium, Thromboplastin-DL with Calcium,

Thromboplastin-DS, Thromboplastin Liquid (Pacific Hemostasis, Huntersville, NC, USA);

Thromboplastin with Calcium, Thromboplastin HS with Calcium, Thromboplastin M with

Calcium, Thromboplastin XS with Calcium, ThromboMAX HS with calcium, ThromboMAX

with calcium (Sigma Diagnostics, St. Louis, MO, USA). An APTT/PTT reagent can include

for example any of: Automated APTT Reagent, SILIMAT, Platelin®L, Platelin®LS, and

MDA Platelin®L (bioMerieux, St. Laurent, Quebec, CANADA); Actin®, Actin®FS,

Actin®FSL, and Pathromtin®SL (Dade Behring, Liederbach, GERMANY); APTT-SP,

APTT-C, SynthASil, SynthAFax, and ThrombosIL (Instrumentation Laboratory, Bedford,

MA, USA); SPECTRA™ (Analytical Control Systems, Inc., Fishers, IN, USA); Thrombosil,

Activated Thrombofax (Ortho, Raritan, NJ, USA); CK-PREST, STA® PTT Automate

(Diagnostica Stago, Parsippany, NJ, USA); Cephalinex® (BioData Corporation, Horsham,

PA, USA); APTT Reagent (Diamed AG, SWITZERLAND); APTT Reagent, APTT-FS,

APTT-FSL, ALEXIN, ALEXIN HS, and ALEXIN LS (Sigma Diagnostics, St. Louis, MO,

USA). A fibrinogen reagent can include, for example, Fibri-Prest, STA®-Fibrinogen 5



(Diagnostica Stago, Parsippany, NJ, USA); Multifibren U , Fibrinogen Determination (Dade

Behring Thrombin) (Dade Behring, Liederbach, GERMANY); Fibrinogen Assay (BioData

Corporation, Horsham, PA, USA); Fibrinogen Assay (Helena Laboratories, Beaufort, TX,

USA ); QFA (bovine thrombin), Fibrinogen C, PT- Fibrinogen, PT- Fibrinogen HS, PT-

Fibrinogen HS+, PT- Fibrinogen Recombinant, RecombiPlasTin. RecombiPlasTin4.5

(Instrumentation Laboratory, Bedford, MA, USA); Fibriquik, Fibriquik (MDA Fibrinogen I-

delta), Fibriquik (MDA Fibrinogen II-seconds) (bioMerieux, St. Laurent, Quebec,

CANADA); Thromboscreen (Pacific Hemostasis, Huntersville, NC, USA); Accuclot

Fibrinogen (Sigma Diagnostics, St. Louis, MO, USA). A TCT reagent can include, for

example, any commercial or produced source of animal thrombin, e.g., STA® - Thrombin,

Thrombin 10, (Diagnostica Stago, Parsippany, NJ, USA); Human alpha- Thrombin (Sigma

Diagnostics, St. Louis, MO, USA); MDA® Thromboquik, (bioMerieux, St. Laurent, Quebec,

CANADA); BC-Thrombin reagent (Dade Behring, Liederbach, GERMANY). An ACT

reagent can include, for example, any commercial or produced source of silica based

coagulation activator compound, (e.g., kaolin, celite, ellagic acid, glass particles). Further,

combinations of coagulation reagents can be used as reagents to induce and/or support

coagulation.

[0038] As used herein, "carrier" is understood to mean any localizer of a liquid sample, for

example, a well, an indentation, a support, a channel, a reservoir, a sunken volume, a

compartment, a recessed area, an enclosure with or without an opening, a tube, or a trough.

The term "test carrier" means a carrier into which a sample is deposited for analysis. A test

carrier can be placed within the detection volume of an NMR detection coil, for example a

relaxometer (i.e., Bruker Minispec) or a customized miniature relaxometer. A sample can be

placed in the test carrier either before or after the test carrier is placed within the detection

volume of a NMR detection coil hi certain embodiments, coagulation test time based on the

measurement of viscosity of the sample using NMR relaxivity measurements can be

ascertained under temperature control.

[0039] It has been found that an effective T2 relaxation rate (i.e. 1/T2) can be related to a

coagulation state of a sample, and coagulation time can be determined by monitoring one or

more parameters relating to a series of T2 relaxation rate measurements over time (herein

referred to as a coagulation-time-curve). Typically, in determining a coagulation time, a

tailored radiofrequency (RF) pulse sequence is applied to a test carrier containing a sample;



and RF echo signals are monitored and analyzed to determine one or more NMR parameters

(e.g., T2) .. For example, an effective T2 relaxation rate as measured by a custom CPMG

(Carr-Purcell-Meiboom-Gill) pulse sequence can be used to measure a temporal change in

coagulation state. While true T2 measurements with methods such as spin echos (see, e.g.,

FIGURE 7a) can be obtained, such measurements do not typically yield the same sensitivity

to coagulation state as methods provided herein, and thus are not useful in the current

application. For example, to obtain a useful relaxation parameter for measuring a coagulation

time with adequate temporal resolution (e.g. sampling rate), CPMG sequence parameters are

adjusted such that obtained relaxation curves are sampled to obtain optimal coagulation

response measurements, as described in further detail herein.

[0040] Suitable CPMG sequences for measuring effective T2 of a sample can be

characterized by the following sequence of steps: 1) waiting (i.e., not applying a

radiofrequency pulse to a sample) at least for a time period given by a recycle delay (e.g., the

time between initiation of a relaxation measurement and a first radiofrequency pulse, time

between the end of prior sequence measurement to allow for the system to return to

equilibrium (e,g., about 0.5 to about 5 seconds); 2) applying a 90° radiofrequency pulse to the

sample, 3) waiting for a time period given by, for example, one-half the inter-echo delay, 4)

applying a 180° radiofrequency pulse to the sample, 5) waiting for a time period given by the

inter-echo delay, and optionally, repeating steps 4) and 5) one or more times. See, e.g.,

FIGURE 7b. In certain embodiments a relaxation measurement optionally coincides with

one or more of completion of a previous pulse sequence measurement, insertion of a sample

into the magnet, etc. In particular embodiments initiation of a relaxation measurement

coincides with completion of a previous relaxation measurement pulse sequence. Following

application of each 180° radiofrequency pulse, a sample responds with an echo that can be

acquired to determine T2 by methods known in the art. See, e.g., Carr, H. Y., and Purcell, E .

M., "Effects of Diffusion on Free Procession in Nuclear Magnetic Resonance Experiments,"

Phy. Rev. 904, No. 3:630 (1954); Meiboom, S.; and Gill, D., "Modified Spin-Echo Method

for Measuring Nuclear Relaxation Times," Rev. Sd. Inst. 29 (1958), which are hereby

incorporated by reference; and, described, e.g., U.S. Patent Nos. 6,690,166, 5,023,551. With

increasing repetitions of steps 4) and 5), echos become weaker, leading to a practical limit of

how many echos can be recorded with a single CPMG sequence using a given device and

given measurement conditions/settings. In certain embodiments all echos within the practical



limit of detectable echos are recorded. In other embodiments less than all echos within the

practical limit of detectable echos in a single CPMG sequence are recorded. For example,

spectrometer recording hardware may constrain the total number of echos that can be

recorded hi this case, for example, a subset of detectable echos are recorded, (e.g., acquiring

one of every four echos (e.g., herein referred to as a CPMG sequence characterized by a

dummy echo value of three)). In some embodiments more than one CPMG sequence is

employed, e.g., more than one measurement of T2 is performed per sample. When more than

one measurement of T2 is performed per sample, each of the CPMG sequence(s) are

separated in time by a recycle delay.

[0041] In the case of blood coagulation that is expected to be characterized by blood

coagulation times on the order of several minutes and/or if low time resolution of the blood

coagulation curve is required, parameters characterizing a custom CPMG sequence can be

determined using methods known in the art, because the time between T2 value

measurements is large compared to the signal decay time used to determine T2. Typically,

blood coagulation times are short and/or higher time resolution is preferred. For example, for

T2 values of larger than 1.5 seconds and Ti values larger than 1.5 seconds, upon first

approximation, a dwell time (that is, acquisition time plus recycle delay) of about 5 seconds

would appear to be needed to measure true sequential T2 values. Accordingly, for very short

blood coagulation times, for example, of about ~10 seconds, one would expect to only be

able to obtain one, or at most two of measurements of true T2 prior to coagulation. Generally,

it is desired to measure the time course of coagulation with as high as possible time

resolution. Higher time resolution typically means higher accuracy of parameters

characterizing coagulation, for example, coagulation times and better comparison between

coagulation curves, for example, comparison of a patient's blood/plasma coagulation curve

with a standard curve for normal blood/plasma coagulation (see, e.g., Example 3).

[0042] It has now been found that the parameters of a CPMG sequence can be optimized to

allow determination of "effective" T2 values (note, the term "T2" as used herein, if not

specifically denoted as "effective" refers to both "true" and "effective" T2) that yield high

sensitivity to reflect changes in coagulation state while providing adequate temporal

resolution, or dwell time (e.g. the time between T2 measurements must be short enough to

provide a kinetic trace throughout the coagulation process). This optimization allows for

sensitive measurements over the time course of the coagulation process, thus generating a



series of T2 measurements, which provide a metric by which coagulation time is determined.

The measured T2 value is actually an effective T2 because the T2 value is influenced by the

optimization of the CPMG sequence, that is, the "true" T2 requires acquisitions times that are

not amenable to a short dwell times; therefore effective T2 measurements are required. To

optimize CPMG sequence measurements, parameters are changed to: 1) maximize the

change in T2 measurements over the coagulation process (maximize overall delta T2) ; 2)

minimize noise levels of measurements taken (e.g., particularly at the upper and lower T2

measurement extremes); and to increase the number of T2 measurements taken over time in

order to provide adequate sample measurements over the time course of coagulation so as to

generate a useful coagulation wave form. Using the principles described herein in

conjunction with knowledge in the art, one skilled in the art could modify parameters

described herein in various combinations to achieve the results taught in the present methods.

In addition or alternatively, with the provided description, one skilled in the art may modify

parameters that may vary slightly from the provided ranges, and/or in conjunction with other

prarameters in a CPMG sequence, or other sequential relaxation signal measurements, to

similarly optimize relaxation measurement sequence(s) to obtain coagulation measurements

as provided herein.

[0043] In some embodiments, a recycle delay is between 0.1 seconds and 100 seconds hi

particular embodiments, a recycle delay is between 0.5 seconds and 1 second. Li certain

embodiments, a recycle delay is about 1 second.

[0044] hi some embodiments, an inter-echo delay is between 0.01 milliseconds and 10

milliseconds hi particular embodiments, an inter-echo delay is between 0.2 milliseconds and

2 milliseconds hi certain embodiments, an inter-echo delay is about 0.5 milliseconds.

[0045] In some embodiments, the number of acquired echos is between 1 and 10,000. hi

particular embodiments, the number of acquired echos is between 500 and 2,000. hi certain

embodiments, the number of acquired echos is between 1500 and 2000.

[0046] In some embodiments, the number of dummy echos is between 0 and 50. In

particular embodiments, the number of dummy echos is between 0 and 10. hi certain

embodiments, the number of dummy echos is between 0 and 3.

[0047] Acquisition time is known in the art, and, in particular with regard to CPMG pulse

sequence measurements, is the interecho delay time times the number of acquired echoes,

times the sum of one plus the number of dummy echoes in a sequence: at = [ied * ae * ( 1 +



de)]. In some embodiments, an acquisition time is between 0.01 milliseconds and 5,100

seconds. In particular embodiments, an acquisition time is between 0.1 and 44 seconds. In

certain embodiments, an acquisition time is between about 0.5 and about 8 seconds. In

particular embodiments, an acquisition time is about 3.5 seconds or about 4.5 seconds.

[0048] Dwell time is known in the art, and, in particular with regard to CPMG pulse

sequence measurements, is the length of a recycle delay plus the length of acquisition time of

a sequence: dt = [rd + at]. In some embodiments, a dwell time is between 0.1 seconds and

about 5,200 seconds. In particular embodiments, a dwell time is between 0.6 and 45 seconds.

In certain embodiments, a dwell time is between about 1 second and about 6 seconds. In

particular embodiments a dwell time is about 4.5 or about 5.5 seconds.

[0049] In some embodiments a dwell time is sufficient to allow for taking at least two T2

values while sample is coagulating and before the sample is coagulated. In some

embodiments a dwell time is sufficient to allow for taking at least five T2 values while a

sample is coagulating and before the sample is coagulated. In certain embodiments a dwell

time is sufficient to allow for taking at least ten T2 values while a sample is coagulating and

before the sample is coagulated.

[0050] In an embodiment of the present invention, a recycle delay is between 0.1 and 100

seconds, the number of acquired echos is between 1 and 10,000, the number of dummy

echos is between 0 and 50, an inter-echo delay is between 0.01 and 10 milliseconds, and the

number of T2 measurements (i.e., number of sequential CPMG sequences) is between 2 and

10,000, leading to acquisition times between 0.00001 seconds and 5,100 seconds and dwell

times between 0.1 second and 5,200 seconds.

[0051] In a further embodiment of the present invention, a recycle delay is between 0.5 and 1

seconds, the number of acquired echos is between 500 and 2,000, the number of dummy

echos is between 0 and 10, an inter-echo delay is between 0.2 and 2 milliseconds, and the

number of T measurements (i.e., number of sequential CPMG sequences) is between 100

and 500, leading to acquisition times between 0.1 and 44 seconds and dwell times between

0.6 and 45 seconds.

[0052] In a preferred embodiment of the present invention, a recycle delay is between about

0.8 and about 1 second, the number of acquired echos is between about 1650 and about 1850,

the number of dummy echos is between 0 and 5, and an inter-echo delay is between about 0.3



and about 0.7 msleading to acquisition times between about 0.5 and about 7.8 seconds and

dwell times between about 1.3 and about 8.8 seconds.

[0053] In a further preferred embodiment of the present invention, a recycle delay is about 1

second, the number of acquired echos is about 1,750, the number of dummy echos is about 3,

and an inter-echo delay is about 0.5 milliseconds, leading to an acquisition time of about 3.5

seconds and a dwell time of about 4.5 seconds.

[0054] Determination of coagulation times using methods of the present invention is based

on the measurement of a nuclear magnetic parameter, typically T2, over time. In some

embodiments, one measurement of T2 of a coagulating sample at a time before the sample is

substantially fully coagulated can be sufficient to determine the extent of coagulation and/or a

coagulation time. For example, if a T2 value has been determined for a normally coagulating

sample, the T2 value and corresponding time can be matched (e.g., by visual inspection,

computationally, etc.) to a pre-determined standard coagulation-time-curve for the type of

coagulating sample. If a standard coagulation-time-curve has been correlated with the extent

of coagulation for the type of coagulating sample (i.e., the extent of coagulation for given T2

values at given times on the standard coagulation-time-curve has been determined), a single

T2 measurement can provide the extent of coagulation. Further, comparison of a T2 value and

corresponding time with a standard coagulation-time-curve can allow determination of a

sample coagulation time or determination of an estimate of the sample coagulation time. For

example, if a measured T2 value at a given time point matches a T2 value of the standard

curve for the given time point, the sample coagulation time could be associated with the

standard coagulation-time-curve.

[0055] In some embodiments, a plurality of T2 values over time are determined using

methods of the present invention to assess coagulation, for example, to determine coagulation

state (i.e., not coagulated or coagulated), the extent of coagulation (e.g., percentage

coagulation), and/or a coagulation time (e.g., prothrombin time (PT), partial thromboplastin

time (PTT), activated partial thromboplastin time (APTT), thrombin clotting time (TCT),

fibrinogen assay clotting time, activated clotting time (ACT)).

[0056] Typically, for determination of a coagulation time of a plasma or whole blood sample,

the start time for coagulation is the timepoint when coagulation is initiated in the sample, for

example, by mixing a coagulation activating reagent (e.g., calcium) with a sample. A

plurality of T2 values are measured before the sample is substantially fully coagulated, and,



typically, further one or more T2 values are determined for the substantially fully coagulated

sample. A resulting coagulation time curve provided by the measured T2 values over time

allows for a determination of the coagulation time. As can be seen for normal and abnormal

plasma coagulation curves in Figures 2 to 6, coagulation typically leads to a decline of the

measured T values from a top plateau to a bottom plateau. See Exemplification and Figures

2 to 6. A coagulation time can be determined based on a measured coagulation time curve

alone, by comparison with a standard coagulation-time-curve, and/or by normalizing with a

pre-determined calibration factor.

[0057] For example, based on an obtained coagulation time curve alone, coagulation time can

be determined as the time from coagulation initiation, for example, using a coagulation

reagent, to the time point that the bottom plateau is reached.

[0058] A preferred way of determining a coagulation time from measured T2 values is to

average, independently, T2 values of a top plateau to obtain a top plateau value T2 t and T

values of a bottom plateau to obtain a bottom plateau value T2 b , and determine the time for

which T2 is at the value T2 b+(T2,t-T2 b)/2 on the coagulation time curve, and normalizing the

obtained time with a pre-determined calibration factor. This determination also provides a

midpoint value between the initial (top plateau) T2 and the final (bottom plateau) T2 on a T

plasma coagulation curve. See, e.g., Figures 2 to 6 .

[0059] In some embodiments a difference between a first average T2 value (e.g., of a top

plateau) and a second average T2 value (e.g., of a bottom plateau) is substantially larger than

the average standard error of a T measurement using a CPMG sequence. In some

embodiments a difference between a first average T2 value (e.g., of a top plateau) and a

second average T2 value (e.g., of a bottom plateau) is at least 3% of the first T2 value. In

some embodiments a difference between a first average T2 value (e.g., of a top plateau) and a

second average T2 value (e.g., of a bottom plateau) is at least 5% of the first T2 value. In

certain embodiments a difference between a first average T2 value (e.g., of a top plateau) and

a second average T2 value (e.g., of a bottom plateau) is at least 10% of the first T2 value. In

particular embodiments a difference between a first average T2 value (e.g., of a top plateau)

and a second average T2 value (e.g., of a bottom plateau) is at least 13% of the first T2 value.

[0060] A calibration factor can be determined by determining the time as described above for

one or more samples and determining for the same samples a coagulation time using a

commercially available method for determining coagulation (e.g., the start®4 method using



the Diagnostica Stago device), and determining the factor by which the times determined

using the methods of the present invention have to be multiplied with to obtain the

coagulation times determined by the commercially available method. In this case, a data

point given by the T2 value and the corresponding time of T2 measurement is matched a

standard coagulation-time-curve is required to which the determined T2 value can be

compared.

[0061] As used herein, a "standard coagulation-time-curve" refers to data correlating values

of an NMR parameter responsive to coagulation of a sample (e.g., a blood sample, a plasma

sample, a fraction of blood in a sample) of one or more subjects, or values mathematically

derived from values obtained over time. Data can be, but is not limited to be, in the form of a

curve. Graphical presentation of obtained data in terms of a scatter or line plot/graph, for

example, with an NMR parameter on the ordinate and time on the abscissa can provide an

easy way to compare measured values of an NMR parameter with a corresponding standard

coagulation-time-curve. Further, a sample used in determination of a "standard coagulation-

time-curve" is taken from one or more subjects that exhibit normal coagulation processes and

timing of coagulation processes. The one or more subjects from which samples are used for

generation of a standard coagulation time curve can differ but don't have to differ from a test

subject for which coagulation is or will be assessed using methods of the present invention.

For example, a standard coagulation time curve may be generated using samples obtained

from normal healthy patients, and a sample that will be measured and compared to the

generated standard coagulation time curve is obtained from a patient requiring assessment of

anticoagulant therapy. The sample from the patient is not part of the pool of samples used to

generate the standard coagulation time curve. In another example, a standard coagulation-

time-curve may be generated using sample(s) of blood of a test subject (e.g., a patient) prior

to a procedure or therapy (e.g., a surgery that requires post-surgical administration of an

anticoagulant). Coagulation of blood of the patient may be assessed from samples obtained

from the patient while the patient is receiving anticoagulant using methods of the present

invention and comparing obtained results to a subject's standard coagulation-time-curve

determined prior to surgery. In some embodiments one or more standard coagulation time

curves are prepared independently in advance and provided as a standard control curve for

individual testing of samples for any one or more coagulation times (e.g., prothrombin time

(PT), partial thromboplastin time (PTT), activated partial thromboplastin time (APTT),



thrombin clotting time (TCT), fibrinogen assa clotting time, activated clotting time (ACT)).

In certain embodiments one or more standard coagulation time curves are prepared and

provided as part of instructions and reference materials as part of a coagulation test kit. In

some embodiments, one or more standard coagulation curves are prepared in advance (e.g.,

immediately prior to) or in conjunction with (e.g., in parallel) an individual sample

preparation and testing. In certain embodiments one or more standard coagulation curves are

prepared initially upon first use of a lot of provided reagents, wherein the prepared standard

coagulation curve(s) are used for comparison to one or more test sample coagulation curves,

and continually used for each of those test samples which utilize the same lot of reagents for

sample coagulation tests.

[0062] A coagulation time can be determined by monitoring elapsed time corresponding to

one or more parameters of a coagulation-time-curve including a predetermined magnitude

change in the coagulation-time-curve, a percent change from baseline of the magnitude of the

coagulation-time-curve, the first derivative of the coagulation-time-curve, the second

derivative of the coagulation time curve, higher derivatives of the coagulation-time-curve, to

an inflection point, to a steady-state value, and combinations thereof. Parameters can be

monitored as a magnitude of elapsed time or as a function of time to enable a calculation or

derivation of a characteristic value or characteristic kinetic rate (i.e. half-life of the signal,

etc.). If desired, a characteristic value or rate can be compared to a standard or control

relating to one or more parameters of a coagulation state of a sample, either simultaneously or

sequentially. A standard can take many specific forms, but may be generically described as a

data set relating the characteristic value or rate to a coagulation time determined by a

standard coagulation instrument (e.g. calibration curve).

[0063] In some embodiments of the invention, a sample can be mixed with a coagulation

reagent before being placed in the test carrier or can interact with a reagent coated on the

surfaces of the test carrier. Additionally or alternatively, a sample may be mixed with a

coagulation reagent disposed in the test carrier, either before or after a sample is placed in the

test carrier. For example, surfaces of a test carrier may be coated with the coagulation reagent

or a discrete element that is coated with or includes a coagulation reagent is disposed in the

test carrier prior to, at the same time as, or after addition of a sample.

[0064] Moreover, a test carrier walls can be surface-etched to increase surface area and to

enhance surface roughness that can cause fibrin to develop in a sample (e.g., a blood sample



(e.g., whole blood, plasma, etc.). Surface roughness may activate or facilitate coagulation of a

sample, either in place of or in addition to a coagulation reagent. A test carrier can be a

fabrication of any natural, synthetic, porous, non-porous, non-metallic, magnetic

susceptibility matched, hydrophobic or hydrophilic material (e.g., plastic (i.e. Delrin or

Teflon), glass, Mylar). Furthermore, a test carrier may be of any geometric shape capable of

isolating, or accommodating, or absorbing, or containing a volume of solution including

capillaries, tubes, hollow channels, conduits, microfluidics, porous membranes, and

encapsulations. For example, the carrier may be a glass capillary or tube used for NMR

relaxation measurements. A test carrier may accommodate volume samples in the range of 1

picoliter to 1 milliliter, preferably microliters, more preferably 1 to 500 microliters, most

preferably 10 to 300 microliters.

[0065] The present invention also provides methods for monitoring (for example, in real

time) coagulation of a blood sample of a test subject that makes use of measurements of an

NMR parameter over time. Comparing obtained values for a monitored NMR parameter with

a standard coagulation-time-curve provides information regarding abnormal coagulation

events.

[0066] Monitoring blood coagulation over time provides a clotting profile of a sample and

provides information concerning discrete normal or abnormal events that may accompany the

coagulation, clotting or lytic process (e.g., clot formation, clot retraction, or clot lysis), as

well as providing insight into the overall event. The present invention is useful in

distinguishing between platelet-rich and platelet-poor plasma depending on the clotting

profile of a sample.

[0067] The present invention also provides methods for diagnosing an abnormal clotting

event in a test subject. At least one test carrier is provided, wherein each test carrier contains

a sample (e.g., a blood sample) from a test subject and is placed within a detection volume of

a NMR detector. Test data of a NMR parameter responsive to coagulation in the sample of

each test carrier is obtained over time, for example, by measuring values of the NMR

parameter over time. One or more characteristics of the test data are compared with those of

a standard coagulation-time-curve in the NMR parameter responsive to normal coagulation to

identify and thereby diagnose an abnormal clotting event in the subject (see, for example,

FIGURE 3 and FIGURE 4). Any suitable characteristic associated with the test data can be

compared. Examples include overall change of the NMR parameter over time, rate of the



NMR parameter change over time, clotting time determined from the NMR parameter

change, and fluctuation of the NMR parameter change in the sample prior to coagulation.

Preferably, the test data of the NMR parameter are obtained by monitoring values of the

NMR parameter over time to provide a coagulation (clotting) profile of the sample.

[0068] In one specific embodiment of methods of the invention, a plurality of samples (e.g.,

blood samples) from a test subject are collected at discrete times. In one example, a first test

carrier and a second test carrier contain a first sample and a second sample from the same test

subject, but collected at discrete times. Difference(s) between the first and second samples in

coagulation can be obtained by comparing characteristic(s) of the obtained test NMR data

(e.g., clotting profile) between the first and second samples. With such comparison, for

example, one can determine if any change is present from (e.g., a first abnormal clotting

event diagnosed from a first blood sample over the time period between the first and second

blood collection). In another specific embodiment, a first and a second sample are collected

from different test subjects. In this example, difference(s) between the first and second

samples in coagulation (e.g., clotting profile) can provide information to distinguish between

discrete abnormal clotting events relative to the standard coagulation-time-curve (see, for

example, FIGURE 5).

[0069] The present methods are also useful for providing information concerning discrete

events that may accompany the coagulation, clotting or lytic process (e.g., clot formation, clot

retraction, or clot lysis), as well as providing insight into the overall event. Provided methods

can be useful in distinguishing between platelet-rich and platelet-poor plasma depending on

the clotting profile of the sample. The methods can also provide information useful to

physicians developing a treatment plan for patients during and following surgery including

cardiopulmonary bypass surgery to avoid or mitigate pre-operative, perioperative, and/or

post-operative bleeding.

[0070] A brief summary of the technical elements relating to the principles of the present

invention is provided herein. The underlying principle of the present invention for

coagulation state measurement and its use in determining coagulation time is based on the

assumption of single-exponential decay functions obtained from NMR radiofrequency (RF)

echo signals. According to this model for coagulation state determination, an effective T

relaxivity change over time is related to a sample coagulation state and inversely proportional

to temperature. Provided methods allow measurement of the kinetics of coagulation by



monitoring changes in relaxation times. For example, in certain embodiments, measurements

(e.g., 10-20 measurements) can be made after mixing a sample and a reagent to initiate

coagulation, before coagulation is complete, and coagulation times can be determined from

the resulting kinetic curves.

[0071] In FIGURE 1, an NMR system is depicted to illustrate the principle on which the

invention is explained on the basis of several embodiments. The depiction is not intended to

limit the invention to a particular embodiment, but serves for the purpose of explaining the

illustrative elements of devices utilizing the underlying principles for the measurement of one

or more NMR parameter(s) to provide a sample coagulation time.

[0072] FIGURE 1 is a schematic diagram 100 of an NMR system for detection of an echo

response of a sample 103 to an RF excitation, thereby determining the coagulation state of the

sample and a corresponding coagulation time. In a specific embodiment, a sample 103 within

test carrier 104 is placed within the sensitive region of an RF coil 105 of device 100. Device

100 comprises bias magnets 101 that generate a bias magnetic field B0 102 through a sample

103. An RF excitation pulse at the Larmor frequency is applied to a sample using RF coil

105 and RF oscillator 106. The RF excitation and subsequent series of 180 degree pulses

induces what is known in the art as a CPMG echo train. Amplitude of these echos decays as

a function of time, which is known as a T2 relaxation curve. The coil 105 can be configured

to act synchronously as an RF antenna to detect the echo signal. RF signal obtained from a

coil 105 is amplified by amplifier 107 and processed to determine a change in the relaxation

curve in response to the excitation applied to the sample 103. The detected and processed

signal is preferably the T2 relaxation time. A series of T2 relaxation times is monitored over a

period of time from an initial set of values to a steady set of values. A corresponding

coagulation time of the sample can be calculated using a standard data set or a calibration

curve for comparison with the series of monitored T2 relaxation times.

[0073] In alternative embodiments, various configurations of carrier 104 may be used for

coagulation time testing. Other configurations of the bias magnetic field B0 102 can be

applied to sample 103 including, unilateral magnetic fields, low powered magnetic fields, and

the earth's magnetic field.

[0074] In one embodiment, an RF coil 105 is wrapped around the sample carrier 104. In

alternative embodiments, RF coil 105 can be a planar RF coil or other shape and form of RF

coil can be used with sample carrier 104.



[0075] In certain embodiments, alternative and/or additional reagents can be added to a

sample carrier 104 prior or introduced simultaneously with a sample 103 into carrier 104.

Gradient coils 109 can be used to apply discrete, intermittent, or continuous magnetic

gradient forces on sample 103, coagulation reagent 108, and optional additional and/or

alternative regents. For example, T2 relaxivity measurements of a sample can be taken

independent of coagulation measurements described herein to assess viscosity of a sample

using magnetic particles. See, e.g., WO2009/026164, the disclosure of which is incorporated

herein by reference. Additionally or alternatively, T2 relaxation rates may be analyzed to

ascertain the mechanical integrity of clot formation within a sample over a period of time

particularly to identify coagulopathic characteristics of a blood sample.

[0076] In some embodiments, a coagulation time test is conducted on one or more samples

that are "incubated" in a test carrier 104 (e.g., incubating in a test chamber) by maintaining

samples at a preferred temperature (e.g., body temperature) for a defined incubation time

period. For example, in certain embodiments it may be necessary to incubate sample (e.g.,

citrated whole blood, plasma, or quality control sample(s)) prior to running measurements

(e.g., for ACT test(s)). Blood sample(s) drawn from a patient and immediately placed within

the test carrier 104 before the sample has cooled may not need an incubation period and may

only need to be maintained at 37° C. Thus, a heating element (e.g., a heat block (not shown))

can be incorporated within device 100 in relation to a carrier 104. Preferably a heating

element (e.g., a heat block) is continuously powered when device 100 is powered in order to

maintain a constant temperature (e.g., body temperature, 37° C) to a test carrier 104 inserted

into the RF coil 105.

[0077] In certain embodiments, a suitable reagent 108 may be selected to react with a sample

(e.g., a blood sample) to facilitate sample coagulation (e.g., for performance of a particular

test on a blood sample for determining sample coagulation times, e.g., one of PT, aPTT, TT,

and ACT). In some embodiments a suitable reagent 108 may be added to a sample carrier 104

prior or introduced simultaneously with sample 103 into carrier 104. In some embodiments a

coagulation reagent 108 can be included in a sample carrier 104 prior wherein when an

added sample 103 is place in carrier 104, sample reacts with the reagent 108. In particular

embodiments coagulation reagent(s) may be selected from coagulants or activating agents

including calcium, kaolin, celite, ellagic acid, glass particles, thrombin, thromboplastin or

other coagulation agents described herein and known in the art. In some embodiments,



coagulation reagents are selected from one or more coagulating agents selected from a

prothrombin time (PT) reagent, a partial thromboplastin time (PTT)/ activated partial

thromboplastin time (APTT) reagent, thrombin clotting time (TCT) reagent, fibrinogen

reagent, an activated clotting time (ACT) reagent, calcium (e.g., calcium chloride)), kaolin,

celite, ellagic acid, glass particles, thrombin, and/or thromboplastin.

[0078] In other embodiments, test carrier 104 may also contain or optionally accommodate

additional reagent(s). In some embodiments to counteract any anticoagulant(s) present in a

blood sample. For example, during interventional procedures, heparin may be administered to

a subject to mitigate coagulation induced by a procedure, in which case neutralizing or

deactivating agent(s) (e.g., heparinase, protamine) in test carrier 104 could counteract heparin

and return the blood sample to a baseline condition. For example, one test carrier 104 could

contain protamine, and another test carrier 104 could be devoid of protamine to perform

comparative coagulation time tests.

Example 1 - Coagulation Time Measurement in Plasma Using T2 Relaxation

[0079] A Bruker Minispec mQseries (The Woodlands, TX) was adapted with pulse

sequences for T2 monitoring in real time. Several effective T2 measurements made within 30

to 40 seconds and transverse relaxation times of plasma samples were measured every 5

seconds. Coagulation of a sample was induced by addition of calcium chloride to a mixture

of reconstituted plasma (CITREX® I lyophilized plasma preparation, BIODATA Corporation,

Horsham, PAS) and an aPTT reagent (CEPHALINEX® activated partial thromboplastin time

reagent BIODATA Corporation, Horsham, PA, USA).

[0080] T2 measurements were made kinetically on a Bruker MQ minispec using preloaded

minispec software with the following CPMG settings:

1. Tau = 0.25

2 . Number of Points = 1000

3 . Dummy Echos: 3

4 . Recycle Delay: 1

5. 0 dB pulse at 370C

6. Receiver gain: 75

7 . 1 scan



[0081] Coagulation time was estimated by curve analysis completed by midpoint

determination between the T2 intial and T2 final. See FIGURE 2. During coagulation, the

relaxation time of the plasma sample decreased steadily until the sample was fully

coagulated. See FIGURE 2 . The overall change in T observed was about 300ms.

Coagulation time was determined to be about 35s based on the curve in FIGURE 2 .

Example 2 - Coagulation Measurements Using Pooled Normal and Single Donor

Abnormal Samples via T Relaxation

[0082] Real patient plasmas were purchased through George King Bio-Medical and used

within 2 hours following thawing. Both normal and abnormal samples were run in duplicate

to provide experimental error (averages are shown). Duplicate sampling resulted in a more

precise coagulation time compared to the reference (start-4) data. (Note: standard deviation of

samples controlled two factors: effective T2 values, coagulation time).

[0083] Measurement of changes in T2 relaxation time over time were taken. Measurements

were made kinetically on a Bruker MQ minispec using preloaded minispec software with the

following CPMG settings:

1. Tau = 0.25

2 . Number of Points = 1750

3. Dummy Echos: 3

4 . Recycle Delay: 1

5. 18 dB pulse at 37°C

6. Receiver gain: 75

7. 1 scan

[0084] Curve analysis was completed to generate coagulation times by midpoint

determination between the T2 intial and T2 final.

[0085] 2A. For aPTT coagulation measurements 100 µL of patient plasma and 100 µL of

aPTT clotting reagent PTT-A (Diagnostica Stago, Parsippany, NJ) were pre-warmed to 370C

in a 5mm NMR tube. 100 µL of calcium chloride pre-warmed to 37°C was added to the

plasma and clotting reagent activating coagulation. See, FIGURE 3 and FIGURE 5 . The

overall change in T observed was about 250 ms for the normal sample, and about 250 ms for

the abnormal sample. Coagulation time was determined to be about 50 sec for the normal

sample, and about 140 sec for the abnormal sample based on the curve in FIGURE 3. In



Figure 5, overall change in T2 observed was about 205 ms for the normal sample, 300 ms for

abnormal sample 1, and about 95 ms for abnormal sample 2 . Coagulation time was

determined to be about 70 sec for the normal sample, and about 100 sec for the abnormal

sample and about 90 sec for abnormal sample 2 based on the curve in FIGURE 5.

[0086] 2B. For PT coagulation measurements 100 µL of patient plasma and 200 µL of

Neoplastine CI Plus (Diagnostica Stago, Parsippany, NJ) pre-warmed to 370C were mixed

activating coagulation. See FIGURE 4 . The overall change in T2 observed was about 150 ms

for the normal sample, and about 160 ms for the abnormal sample. Coagulation time was

determined to be about 19 sec for the normal sample, and about 67 sec for the abnormal

sample based on the curve in FIGURE 4 .

Example 3 - Correlation between coagulation method results obtained using a method

of the present invention and results obtained with a commercial bench-top coagulation

instrument.

[0087] For aPTT measurements, 100 µL of patient plasma and 100 µL of PTT-A

(Diagnostica Stago) were pre-warmed to 37°C in a 5mm NMR tube. 100 µL of calcium

chloride pre-warmed to 370C was added to the plasma and clotting reagent activating

coagulation. For PT measurements 100 µL of patient plasma and 200 µL of Neoplastine CI

Plus (Stago Diagnostica, Parsippany, NJ) pre-warmed to 37°C were mixed activating

coagulation. Measurements were made kinetically on a Bruker MQ minispec using preloaded

minispec software with CPMG parameters described in Example 2. Curve analysis to

generate coagulation times was completed by midpoint determination between the T2 intial

and T2 final.

[0088] Prothrombin Time (PT) and Activated Partial Thromboplastin Time (aPPT) of plasma

samples were measured using a Bruker Minispec mQseries and a commercial bench-top

coagulation instrument from Diagnostica Stago (Parsippany, NJ), called the Start®4.

FIGURE 6 shows a correlation plot representing a graphical comparison of these two

methods. As is known in the art, a subtraction factor was applied to time measured by T2

Biosystems to provide a correlation with the Diagnostica Stago Start®4. This subtraction

factor was determined by subtracting a fixed value which resulted in all normal coagulation

values derived with the NMR instrument to be in a clinically normal range. The correlation



data points are very close to the plot diagonal, indicating excellent correlation of the results

obtained using two very different approaches for measuring coagulation times.

[0089] While this invention has been particularly shown and described with references to

example embodiments thereof, it will be understood by those skilled in the art that various

changes in form and details may be made therein without departing from the scope of the

invention encompassed by the appended claims.



CLAIMS

What is claimed is:

1. A method for measuring a coagulation time comprising providing a test carrier

containing a sample within a detection volume of a NMR detector and measuring a change in

a NMR relaxation parameter over time to determine the coagulation time.

2. A method for determining the coagulation state and/or coagulation time of a sample

using a nuclear magnetic resonance (NMR) device, comprising:

a) providing a test carrier containing a sample within a detection volume of an NMR

detector of the NMR device;

b) performing NMR measurements on the sample to determine at least two values of

an NMR parameter of the sample over time, the NMR parameter being responsive to

coagulation in the sample; and

c) assessing the values determined in b) to obtain the coagulation state and/or

coagulation time of the sample.

3. A method of determining the extent of coagulation of a sample obtained from a

subject, comprising:

a) measuring an NMR parameter of the sample, wherein the NMR parameter is

responsive to the extent of coagulation;

b) comparing the measured value of the NMR parameter obtained in a) with a known

value for the NMR parameter wherein the known value has been correlated with the

extent of coagulation in a normal sample;

c) assessing the extent of coagulation from the comparison made in b).

4 . A method of determining the coagulation time of a sample obtained from a test

subject, comprising:

a) measuring an NMR parameter of the sample, wherein the NMR parameter is

responsive to the extent of coagulation;



b) comparing the measured value of the NMR parameter at a given time obtained in

a) with a standard coagulation-time-curve that provides a standard curve of change of

the NMR parameter over time due to coagulation; and

c) determining the coagulation time from the comparison in b).

5. A method for monitoring coagulation of a sample from a test subject, the method

comprising:

(a) measuring a plurality of values of an NMR parameter of the sample over time,

wherein the NMR parameter is responsive to the coagulation state of the sample.

6 . The method of Claim 5, further comprising (b) comparing the measured values of the

NMR parameter obtained in (a) with a standard coagulation-time-curve; and

optionally further comprising (c) determining abnormal coagulation events from the

comparison in (b).

7 . The method of any one of claims 4-6, wherein the standard coagulation-time-curve is

pre-determined or calculated.

8. The method of any one of claims 4-6, wherein the standard coagulation-time-curve is

determined from a plurality of measured values of the NMR parameter over time from

one or more samples of one or a plurality of subjects.

9. The method of Claim 8, wherein the test subject is one of the subjects, and the

standard coagulation-time-curve is prepared from measured values from one or more

samples from the test subject.

10. A method for diagnosing an abnormal clotting event in a sample of a test subject,

comprising:

a) providing at least one test carrier, each test carrier containing a sample from the

test subject, and being within a detection volume of an NMR detector;

b) obtaining test data of an NMR relaxation parameter over time, the NMR relaxation

parameter being responsive to coagulation in the sample of each test carrier; and



c) comparing one or more characteristics of the test data obtained in (b) with those of

a standard coagulation-time-curve of the NMR relaxation parameter responsive to

normal coagulation to thereby diagnose an abnormal clotting event in the subject.

11. The method of claim 10, wherein the characteristics of the test data compared with

those of the standard coagulation-time-curve are selected from the group consisting of

overall change of the NMR parameter over time, rate of the NMR parameter change

over time, clotting time determined from the NMR parameter change, and fluctuation

of the NMR parameter change in the sample prior to coagulation.

12. The method of claim 11, wherein a first test carrier containing a first sample from the

subject, and a second test carrier containing a second sample from the subject are

provided, the first and second samples being collected from the subject at discrete

times.

13. The method of claim 11, further including comparing one or more characteristics of

the test data in the NMR parameter in the first sample with those in the second sample

to access difference(s) between the first and second samples in coagulation.

14. The method of any one of claims 1-13, wherein the NMR parameter is T2 measured

by using a CPMG sequence.

15. The method of claim 14, wherein an uncoagulated sample is characterized by a first

average T2 value and a coagulated sample is characterized by a second average T2

value, and parameters of the CPMG sequence have been optimized such that the

difference between the first value and the second value is sufficient to determine

whether a test sample is coagulated or uncoagulated based on measurement of T2

using the CPMG sequence.

16. The method of claim 15, wherein the difference is substantially larger than the

average standard error of a T2 measurement using the CPMG sequence.



17. The method of claim 15, wherein the difference is:

a) at least 3% of the first T2 value;

b) at least 5% of the first T2 value;

c) at least 10% of the first T2 value; and/or

d) at least 13% of the first T2 value.

18. The method of claim 15, wherein the sample is normal plasma, normal blood, or a

fraction of normal blood.

19. The method of claim 15, wherein the parameters are optimized to obtain a dwell time

between any two measurements of T2 sufficient to measure:

a) at least two T2 values while the sample is coagulating and before the sample is

coagulated;

b) at least five T2 values while the sample is coagulating and before the sample

is coagulated; and/or

c) at least ten T2 values while the sample is coagulating and before the sample is

coagulated.

20. The method of claim 15, wherein the CPMG sequence is characterized by parameters

that have been optimized with respect to a normally coagulating sample, the normally

coagulating sample in its uncoagulated state being characterized by a first T2 value

and in its coagulated state being characterized by a second T2 value; the parameters

having been optimized to yield:

I . (a) a difference between the first value and the second value of at least 5% of

the first value, and (b) a dwell time between any two measurements of T2 sufficient to

measure at least two T2 values while the sample is coagulating and before the sample

is coagulated;

II. (a) a difference between the first value and the second value of at least 5% of

the first value, and (b) a dwell time between any two measurements of T2 sufficient to

measure at least five T2 values while the sample is coagulating and before the sample

is coagulated;



III. (a) a difference between the first value and the second value of at least 5% of

the first value, and (b) a dwell time between any two measurements of T2 sufficient to

measure at least ten T values while the sample is coagulating and before the sample

is coagulated;

IV. (a) a difference between the first value and the second value of at least 10% of

the first value, and (b) a dwell time between any two measurements of T sufficient to

measure at least two T2 values while the sample is coagulating and before the sample

is coagulated;

V. (a) a difference between the first value and the second value of at least 10% of

the first value, and (b) a dwell time between any two measurements of T2 sufficient to

measure at least five T values while the sample is coagulating and before the sample

is coagulated;

VI. (a) a difference between the first value and the second value of at least 10% of

the first value, and (b) a dwell time between any two measurements of T2 sufficient to

measure at least ten T2 values while the sample is coagulating and before the sample

is coagulated; and/or

VII. (a) a maximized difference between the first value and the second value and

(b) a minimized dwell time between any two measurements of T2 using the CPMG

sequence.

21. The method of claim 14, wherein pulse attenuation of the CPMG sequence has been

optimized to reduce partly or completely heating of the sample due to measurement of

T2.

22. The method of Claim 14, wherein the CPMG sequence is characterized by

a) a recycle delay of between about 0.1 seconds and about 100 seconds, a

number of acquired echoes of between 1 and about 10,000, an inter-echo delay of

between about 0.01 milliseconds and about 10 milliseconds, and a dwell time between

about 0.1 second and about 5,200 seconds;

b) a recycle delay of between about 0.5 seconds and about 1 second, a number of

acquired echoes of between about 500 and about 2,000, an inter-echo delay of



between about 0.2 milliseconds and about 2 milliseconds, and a dwell time between

about 0.6 seconds and about 45 seconds; and/or

c) a recycle delay of about 1 second, a number of acquired echoes of about 1750,

an inter-echo delay of about 0.5 milliseconds, and a dwell time of about 4.5 seconds.

23. The method of any of claims 1-22, wherein the sample is whole blood, plasma, blood

concentrate, a fraction of blood, or citrated blood.

24. The method of any of claims 1-23, wherein the NMR parameter is an effective T2

measurement.

25. The method of any of claims 1-24, wherein a coagulation reagent is mixed with the

sample.

26. The method of claim 25, wherein a coagulation reagent that induces or supports

coagulation is mixed with the sample under conditions suitable for the coagulation

reagent to induce or support coagulation in the sample.

27. The method of Claim 25, wherein the coagulation reagent is one or a combination of a

prothrombin time (PT) reagent, a partial thromboplastin time (PTT) reagent, an

activated partial thromboplastin time (APTT) reagent, thrombin clotting time (TCT)

reagent, fibrinogen reagent, and/or activated clotting time (ACT) reagent.

28. The method of Claim 25, wherein the coagulation reagent is selected from the group

consisting of a prothrombin time (PT) reagent, a partial thromboplastin time (PTT)

reagent, an activated partial thromboplastin time (APTT) reagent, thrombin clotting

time (TCT) reagent, fibrinogen reagent, and activated clotting time (ACT) reagent.

29. The method of any of claims 25-28 wherein

a) the coagulation reagent is mixed with the sample prior to the test carrier being

placed within the detection volume of the NMR detector;

b) the coagulation reagent is mixed with the sample after the test carrier is placed

within the detection volume of the NMR detector;



c) the sample is placed within the test carrier prior to the test carrier being placed

within the detection volume of the NMR detector; and/or

d) the sample is placed within the test carrier after the test carrier is placed within

the detection volume of the NMR detector.

30. The method of claim any one of claims 1-29, wherein test data of the NMR parameter

are obtained by monitoring the NMR parameter over time.

31. The method of Claim 30, wherein the NMR measurements of the sample are

continued, at least, until values of the NMR parameter do not substantially change due

to the sample being substantially coagulated.

32. The method of any one of claims 25-29, wherein at least one value of the NMR

relaxation parameter is measured after the coagulation reagent has been mixed with

the sample.

33. The method of any one of claims 1-32, wherein the plurality of values of the NMR

parameter are measured before the sample is coagulated.

34. The method of Claim 30, wherein the coagulation time is determined as a difference

between an end time and a start time, wherein coagulation substantially started at the

start time and substantially ended at the end time.

35. The method of Claim 34, wherein the start time is the time at which a coagulation

reagent that induces or supports coagulation is mixed with the sample under

conditions suitable for the coagulation reagent to induce or support coagulation in the

sample, and the end time is associated with a value of the NMR parameter that does

not substantially differ from any subsequent value of the NMR parameter.



. H Rreceived by the International Bureau on
25 February 2010 (25.02.2010)

1. (canceled).

2. A method for determining the coagulation state and/or coagulation time of a

sample using a nuclear magnetic resonance (NMR) device, comprising:

a) performing NMR measurements on a sample within a detection volume of an

NMR detector of the NMR device to determine at least two values of T2 of the

sample over time, the T being responsive to coagulation in the sample; and

b) assessing the values determined in a) to obtain the coagulation state and/or

coagulation time of the sample.

3. A method of determining the extent of coagulation of a sample obtained from a

subject, comprising:

a) measuring T of the sample, wherein the T is responsive to the extent of

coagulation;

b) comparing the measured value of Ti obtained in a) with a known value for T2

wherein the known value has been correlated with the extent of coagulation in a

normal sample; and

c) assessing the extent of coagulation from the comparison made in b).

4. A method of determining the coagulation time of a sample obtained from a test

subject, comprising:

a) measuring T of the sample, wherein the T is responsive to the extent of

coagulation;

b) comparing the measured value of T at a given time obtained in a) with a

standard coagulation-time-curve that provides a standard curve of change of T

over time due to coagulation; and

c) determining the coagulation time from the comparison in b).

5. A method for monitoring coagulation of a sample from a test subject, the method

comprising;

(a) measuring a plurality of values of T of the sample over time, wherein the T

is responsive to the coagulation state of the sample.
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6. The method of Claim 5, further comprising (b) comparing the measured values

of T2 obtained in (a) with a standard coagulation-time-curve; and optionally

further comprising (c) determining abnormal coagulation events from the

comparison in (b).

7. The method of claim 4 or claim 6, wherein the standard coagulation-time-curve is

pre-determined or calculated.

8 - The method of claim 4 or claim 6, wherein the standard coagulation-time-curve is

determined from a plurality of measured values of T2 over time from one or more

samples of one or a plurality of subjects.

9 . The method of Claim 8 wherein the test subject is one of the subjects, and the

standard coagulation-time-curve is prepared from measured values from one or

more samples from the test subject.

10. A method for diagnosing an abnormal clotting event in a sample of a test subject,

comprising:

a) measuring T2 of the sample of the test subject over time, the T2 being

responsive to coagulation in the sample; and

b) comparing T of the sample obtained in a) with those of a standard

coagulation-time-curve of T2 respousive to normal coagulation to thereby

diagnose an abnormal clotting event in the subject.

11. The method of claim 10, wherein the characteristics of the T of the sample

compared with those of the standard coagulation-time-curve are selected from the

group consisting of overall change of T2 over time, rate of T change over time,

clotting tune determined from T2 change, and fluctuation of T2 change in the

sample prior to coagulation.

12. The method of claim 11, wherein a first test carrier containing a first sample from

the subject, and a second test carrier containing a second sample from the subject
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are provided prior to the measuring, the first and second samples being collected

from the subject at discrete times.

13. The method of claim 11, further including comparing one or more characteristics

of the T2 of the first sample with those in the second sample to access

difference(s) between the first and second samples in coagulation.

14. The method of any one of claims 2, 3, 4 5 and 10, wherein the T is measured by

using a CPMG sequence.

15. The method of claim 14, wherein an uncoagulated sample is characterized by a

first average T value and a coagulated sample is characterized by a second

average T2 value, and parameters of the CPMG sequence have been optimized

such that the difference between the first value and the second value is sufficient

to determine whether a test sample is coagulated or uucoagulated based on

measurement of T using the CPMG sequence.

16. The method of claim 15, wherein the difference is substantially larger than the

average standard error of a T2 measurement using the CPMG sequence.

17. The method of claim 15, wherein the difference is

at least 3% of the first T2 value.

18. The method of claim 15, wherein the sample is normal plasma, normal blood, or

a fraction of normal blood.

19. The method of claim 15, wherein the parameters are optimized to obtain a dwell

time between any two measurements of T sufficient to measure: at least two T2

values while the sample is coagulating and before the sample is coagulated.

20. The method of claim 15, wherein the CPMG sequence is characterized by

parameters that have been optimized with respect to a normally coagulating
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sample, the normally coagulating sample in its uncoagulated state being

characterized by a first T2 value and in its coagulated state being characterized by

a second T value; the parameters having been optimized to yield:

(a) a difference between the first value and the second value of at least 5% of the

first value, and (b) a dwell time between any two measurements of sufficient

to measure at least two T2 values while the sample is coagulating and before the

sample is coagulatedf

21. The method of claim 14, wherein pulse attenuation of the CPMG sequence has

been optimized to reduce partly or completely heating of the sample due to

measurement of T2.

22. The method of Claim 14, wherein the CPMG sequence is characterized by a

recycle delay of between about 0.1 seconds and about 100 seconds, a number of

acquired echoes of between 1 and about 10,000, an inter-echo delay of between

about 0.01 milliseconds and about 10 milliseconds, and a dwell time between

about 0.1 second and about 5,200 seconds.

23. (canceled).

24. (canceled).

25. The method of any of claims 2, 3, 4, 5 and 10, wherein a coagulation reagent is

mixed with the sample.

26. The method of claim 25, wherein a coagulation reagent that induces or supports

coagulation is mixed with the sample under conditions suitable for the

coagulation reagent to induce or support coagulation in the sample.

27. The method of Claim 25, wherein the coagulation reagent is one or a combination

of a prothrombin time (PT) reagent, a partial thromboplastin time (PTT) reagent,

an activated partial thromboplastin time (APTT) reagent, thrombin clotting time

(TCT) reagent, fibrinogen reagent, and/or activated clotting time (ACT) reagent.
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28. The method of Claim 25, wherein the coagulation reagent is selected from the

group consisting of a prothrombin time (PT) reagent, a partial thromboplastin

time (PTT) reagent, an activated partial thromboplastin time (APTT) reagent,

thrombin clotting time (TCT) reagent, fibrinogen reagent, and activated clotting

time (ACT) reagent,

29 The method of any of claims 25-28 wherein

a) the coagulation reagent is mixed with the sample in a test carrier prior to

the test carrier being placed within the detection volume of the NMR detector;

b) the coagulation reagent is mixed with the sample in a test earner after the

test carrier is placed within the detection volume of the NMR detector;

c) the sample is placed within a test carrier prior to the test carrier being

placed within the detection volume of the NMR detector; and/or

d) the sample is placed within a test carrier after the test carrier is placed

within the detection volume of the NMR detector.

30. The method of any one of claims 2, 3, 4, 5 and 10, wherein the T2 is obtained by

monitoring T2 over time,

31. The method of Claim 30, wherein the monitoring of T of the sample is

continued, at least, until values of the T2 do not substantially change due to the

sample being substantially coagulated.

32. The method of claim 25, wherein the T2 is measured after the coagulation reagent

has been mixed with the sample.

33. The method of any one of claims 2, 3, 4, 5 and 10, wherein the T2 is measured

before the sample is coagulated.

34. The method of Claim 2 or claim 4, wherein the coagulation time is determined as

a difference between an end time and a start time, wherein coagulation

substantially started at the start time and substantially ended at the end time.
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5. The method of Claim 34, wherein the start time is the time at which a coagulation

reagent that induces or supports coagulation is mixed with the sample under

conditions suitable for the coagulation reagent to induce or support coagulation in

the sample, and the end time is associated with a value of T2 that does not

substantially differ from any subsequent value OfT .
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