
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization

International Bureau
(10) International Publication Number

(43) International Publication Date WO 2013/043858 Al
28 March 2013 (28.03.2013) P O P CT

(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
G01 V3/00 (2006.01) kind of national protection available): AE, AG, AL, AM,

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(21) International Application Number: BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,

PCT/US20 12/0563 12 DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,

20 September 2012 (20.09.2012) KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,

(25) Filing Language: English NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU,

(26) Publication Language: English RW, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ,
TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,

(30) Priority Data: ZM, ZW.
61/537,396 2 1 September 201 1 (21.09.201 1) US
61/576,607 16 December 201 1 (16. 12.201 1) US (84) Designated States (unless otherwise indicated, for every

kind of regional protection available): ARIPO (BW, GH,
(71) Applicant: T2 BIOSYSTEMS, INC. [US/US]; 101 GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,

Hartwell Avenue, Lexington, MA 02420 (US). UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,(72) Inventors; and
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,(71) Applicants : DHANDA, Rahul, K. [US/US]; 37 Fairview
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,

Road, Needham, MA 02492 (US). PAPKOV, Vyacheslav
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,[RU/US]; 407 Moody Street, Apt. 7, Waltham, MA 02543
ML, MR, NE, SN, TD, TG).

(US). LOWERY, Thomas [US/US]; 123 Winter Street,
Belmont, MA 02478 (US). Published:

(74) Agents: ELBING, Karen, L. et al; Clark & Elbing LLP, — with international search report (Art. 21(3))
101 Federal Street, 15th Floor, Boston, MA 021 10 (US).

00

o

©

© (54) Title: NMR METHODS FOR ENDOTOXIN ANALYSIS

(57) Abstract: The invention features a method of monitoring a clotting process by measuring a signal characteristic of the NMR re-
laxation of water in a sample undergoing endotoxi-induced clotting to produce NMR relaxation data and determining from the NMR

S relaxation data a magnetic resonance parameter of water in the sample characteristic of the level of endotoxin present in the sample.



NMR METHODS FOR ENDOTOXIN ANALYSIS

Background of the Invention

The present invention relates to the field of endotoxin analysis.

Endotoxin is a component of the cell wall in the outer membrane of gram-negative bacteria, and

its activity is mainly attributed to LPS (lipopolysaccharide). In the living body, endotoxin exists as a part

of the outer membrane in the surface layer of gram negative bacteria. Generally, after death of gram-

negative bacteria, endotoxin is liberated and is present in a free form in blood.

When more than a certain level of endotoxin is present in blood, the endotoxin stimulates

monocytes, granulocytes, etc., resulting in excessive production of inflammatory cytokines.

Consequently, so called endotoxinemia accompanied by symptoms such as fever, sepsis, septic shock,

multiple organ failure, etc. is induced. For this reason, detection of endotoxin in pharmaceuticals for

injection, etc. is crucial, and thus the bacterial endotoxin test is prescribed by the Japanese, U.S., and

European pharmacopeias. From the aspect of clinical diagnosis, precise measurement of blood endotoxin

level is considered crucial for early diagnosis and therapeutic effect evaluation.

Examples of a conventional method for measuring endotoxin include the pyrogen test, in which a

rabbit is treated with a direct injection of a test sample and measured for increase in body temperature

that can be converted into the endotoxin level, and the Limulus test utilizing gelation of horseshoe crab

amebocyte lysate triggered by endotoxin. The method involving direct injection into a rabbit has

problems in cost, length of time required to obtain the test results, and sensitivity, and for this reason, the

Limulus test currently prevails as a method for measuring endotoxin.

A gelation of horseshoe crab amebocyte lysate is triggered by endotoxin. The gelation process of

horseshoe crab amebocyte lysate contains a Factor-C pathway specifically associated with endotoxin.

The Factor-C pathway is constituted by the following cascades. First, endotoxin firmly binds with

Factor-C, and thereby activates the Factor-C. Then, Factor-C activated by binding with endotoxin (active

Factor-C) activates Factor B. Subsequently, activated Factor B (active Factor B) activates a proclotting

enzyme, resulting in production of a clotting enzyme. This clotting enzyme partially hydrolyzes its

substrate, i.e., coagulogen. As a result, peptide C is liberated from the coagulogen, and a clotting protein,

coagulin, is produced. By a coagulation action of the coagulin, gelation occurs.

The Limulus test for measuring endotoxin utilizes the above-mentioned gelation process of

horseshoe crab amebocyte lysate triggered by endotoxin. As the Limulus test, a gel-clot technique, a

colorimetric technique using synthetic chromogenic substrates, and a kinetic turbidimetric techniques are

established techniques used to evaluate gelation (i.e., clotting, see Figure 1).

New methods of detection are needed that can (i) increase the limit of detection of endotoxin, (ii)

reduce the about of amebocyte lysate required for performing the assay, and/or (iii) allow for the

monitoring of samples containing light scattering compositions.



Summary of the Invention

The invention features a method of measuring the endotoxin level in a sample including the steps

of: (a) mixing the sample with LAL reagent to form a mixture; (b) at a predetermined time following step

(a), measuring the NMR relaxation rate of water in the mixture; and (c) on the basis of the NMR

relaxation rate, determining the endotoxin level in the sample. In particular embodiments, step (b) is

repeated (e.g., over the course of 5, 10, 15, 20, 25, or 30 minutes) and the change in the NMR relaxation

rate is observed at two or more time points following step (a). The method can further include calculating

the change in the NMR relaxation rate (e.g., the change observed between two or more measurements,

such as the change in the NMR relaxation rate when compared to prior to, or in the first observation after,

the completion of step (a), or a change relative to a threshold NMR relaxation rate value), and, on the

basis of the change determining the endotoxin level in the sample.

In one particular embodiment, the endotoxin level is determined within 20 minutes of performing

step (a) (e.g., within 5 ± 2, 8 ± 2, 10 ± 5, 15 ± 5, 20 ± 5, 30 ± 5, or 40 ± 5 minutes).

In a related aspect, the invention features a method for identifying the presence of endotoxin in a

mixture including LAL reagent, the method including measuring a signal characteristic of the NMR

relaxation rate of water in the mixture to produce NMR relaxation data, and on the basis of the NMR

relaxation data determining whether the endotoxin is present in the mixture.

In a related aspect, the invention features a method of identifying the presence of endotoxin in a

sample by (i) mixing the sample with LAL reagent to form a mixture containing water and Factor-C

capable of being activated by binding with endotoxin; (ii) following step (i), making a series of relaxation

rate measurements of the water in the mixture capable of undergoing a clotting process to provide two or

more decay curves, each decay curve characteristic of a time point in the process; (iii) applying a

mathematical transform to the two or more decay curves to produce two or more magnetic resonance

relaxation rates, each relaxation rate characteristic of a time point in the process; and (iv) based upon the

two or more relaxation rates, determining whether endotoxin is present in the sample.

The invention features a method of identifying the presence of endotoxin in a sample by: (i)

mixing the sample with LAL reagent to form a mixture containing water and Factor-C capable of being

activated by binding with endotoxin; (ii) following step (i), making at least one relaxation rate

measurement of the water in the mixture capable of undergoing a clotting process to provide one or more

decay curves, each decay curve characteristic of a time point in the process; (iii) applying a mathematical

transform to at least one decay curve to produce at least one magnetic resonance relaxation rate

characteristic of a time point in the process; and (iv) based the relaxation rate, determining whether

endotoxin is present in the sample. In certain embodiments, step (iv) includes comparing the relaxation

rate to a predetermined threshold value.

The invention further features a method of measuring the endotoxin level in a sample by: (i)

mixing the sample with LAL reagent to form a mixture containing water and Factor-C capable of being



activated by binding with endotoxin; (ii) following step (i), making at least one relaxation rate

measurement of the water in the mixture capable of undergoing a clotting process to provide one or more

decay curves, each decay curve characteristic of a time point in the process; (iii) applying a mathematical

transform to at least one decay curve to produce at least one magnetic resonance relaxation rate

characteristic of a time point in the process; and (iv) based the relaxation rate, determining the level of

endotoxin present in the sample. In particular embodiments, step (iv) includes comparing the relaxation

rate to a predetermined threshold value (e.g., values from a predetermined dose-response curve for

endotoxin).

In any of the above methods, the method can be capable of detecting 0.001 EU /mL, 0.0005

EU /mL, or 0.0001 EU /mL in the mixture.

In any of the above methods, the mixture can include from 10% to 50% of the amount of LAL

reagent typically used in a turbidometric assay (e.g., 10 ± 5%, 15 ± 5%, 20 ± 5%, 25 ± 5%, 30 ± 5%, or

40 ± 10% of the amount typically used in a turbidometric assay).

In any of the above methods, the sample can include a light scattering or light absorbing

composition (e.g., the sample can be unsuitable for a turbidometric assay, but suitable for the methods

described herein).

In any of the above methods, the NMR relaxation rate is selected from the group consisting of

Tl, T2, T1/T2 hybrid, T i o , T2 o, and T2
*.

In a related aspect, the invention features a method of measuring the endotoxin level in a sample

including: (a) mixing the sample with LAL reagent to form a mixture containing Factor-C capable of

being activated by binding with endotoxin; (b) following step (a), measuring a signal characteristic of the

NMR relaxation rate of water in the mixture to produce NMR relaxation data; (c) determining from the

NMR relaxation data a magnetic resonance parameter value or set of values, the value or set of values

being responsive to Factor-C activation by the endotoxin in the mixture; and (d) on the basis of the result

of step (c), determining the endotoxin level in the sample. In particular embodiments, the mixture

includes one or more populations of water and determining from the NMR relaxation data a magnetic

resonance parameter value or set of values correlated to at least one population of water in the sample. In

some embodiments, the mixture includes at least three populations of water.

The method can include fitting the measurements to an algorithm that distinguishes two or more

separate water populations within the mixture, where each separate water population is characterized by

one or more magnetic resonance parameters having one or more values.

The algorithm can be, without limitation, selected from a multi-exponential algorithm, a bi-

exponential algorithm, a tri-exponential algorithm, a decaying exponential algorithm, a Laplace

transform, a goodness-of-fit algorithm, an SSE algorithm, a least-squares algorithm, a non-negative least-

squares algorithm, and any other algorithm described herein. In particular embodiments, the algorithm is

an inverse Laplace transform or the algorithm is given by equations (1) or (2).



/ = Amp A xp -, 2Α + Amp B xp -, 2B + 0 (1)

/ = Amp Aexp ( 2 ) + Amp B^xp -t + Amp xp 2 + 0(2)

In equations (1) and (2), / is the intensity of a measured value T2; is time; Amp A is an extracted

coefficient that indicates the degree to which the exponential term exp T2A contributes to a measured T2

intensity; Amp B is an extracted coefficient that indicates the degree to which the exponential term exp

T2B contributes to a measured T2 intensity; Amp c is an extracted coefficient that indicates the degree to

which the exponential term exp T2 contributes to a measured T2 intensity; T2A is an extracted

relaxation time that indicates the contribution of a water population A to a measured T2 intensity; T2B is

an extracted relaxation time that indicates the contribution of a water population B to a measured T2

intensity; T2C is an extracted relaxation time that indicates the contribution of a water population C to a

measured T2 intensity; and O is an offset constant. In any of the above methods, the relaxation rate

measurements can include a T2 measurement. The magnetic resonance parameter values can include a T2

parameter value and/or an amplitude parameter value.

In any of the above methods, the signal arises from monitoring protons in water or monitoring

oxygen atoms in water.

In any of the above methods, the NMR relaxation data is selected from Tl, T2, T1/T2 hybrid,

Tirho T 2 o d T2 data.

The invention features a method of measuring the endotoxin level in a sample including, the

method including the steps of: (i) mixing the sample with LAL reagent to form a mixture containing

Factor-C capable of being activated by binding with endotoxin; (ii) following step (i), measuring a series

of signals characteristic of the NMR relaxation rate of water in the mixture to produce NMR relaxation

data; and (iii) determining from the NMR relaxation data a time curve that is characteristic of Factor-C

activation by the endotoxin in the mixture. In some embodiment, the time curve is a Tl time curve, a T2

time curve, or a hybrid T1/T2 time curve.

In another aspect, the invention features a method of comparing an endotoxin-induced clotting

behavior of a sample measured using the NMR-based techniques of the invention with rheological change

or clotting measured in an equivalent sample using a system known in the art.

As used herein, the term "3D data set" refers to a collection of measured and/or derived data

points that can be assembled into a 3D plot that is characteristic of the changes in a sample undergoing a

clotting process or dissolution process over a period of time. A 3D plot derived from a 3D data set can

depict the emergence and/or disappearance of different water populations within the sample and

quantifies the intensities and relaxation times (e.g., T2 relaxation times) of these water populations at

specific points in time or over ranges of time.

As used herein, the term "a first water population" refers to a water population of an aqueous

sample that is characterized by an initial amplitude when unclotted that changes with clotting. A first



water population may also refer to a water population referred to elsewhere in the application as

population A. The amplitude and T2 data extracted from a first water population are referred to as AmpA

and T2A, respectively.

As used herein, the term "a second water population" refers to a water population of an aqueous

sample that is characterized by an initial amplitude when unclotted that changes with clotting. The

second water population having a characteristic relaxation time that is different from the first water

population. The second water population may be referred to elsewhere in the application as population B.

The amplitude and T2 data extracted from a second water population are referred to as AmpB and T2B,

respectively.

As used herein, the term "a third water population" refers to a water population of an aqueous

sample that is characterized by a relaxation time that is different from the first water population and the

second water population. The third water population may be referred to elsewhere in the application as

population C. The amplitude and T2 data extracted from a third water population are referred to as Ampc

and T2C, respectively.

As used herein, the term "algorithm" refers to a mathematical routine used to process or

transform data.

As used herein, the term "assay" refers to a method of monitoring endotoxin-induced clotting

behavior.

As used herein, the term "clotting behavior" refers to a parameter associated with an endotoxin-

induced clot, a forming endotoxin-induced clot, or an endotoxin-induced clot undergoing dissolution

(e.g., clotting time, clot strength, kinetic behavior of the clot, clot strength, etc.).

As used herein, the term "clotting process" refers to a process in a liquid resulting in localized

spatial change of the solvent water molecules within a sample and characterized by changes in the NMR

relaxation rate of solvent water molecules within the aqueous liquid. The aqueous liquid may have more

than one population of solvent water molecules, each population characterized by an NMR relaxation

parameter that varies as the aqueous sample undergoes the clotting process. Alternatively, the aqueous

liquid is in an NMR exchange regime that gives rise to a single population of solvent water molecules for

which there is an observable relaxation rate shift during the clotting process. The methods of the

invention can be used to monitor an endotoxin-induced clotting process.

As used herein, the term "LAL reagent" refers to both to amebocyte lysates obtained from

horseshoe crabs (e.g., Limulus polyphemus, Carcinoscorpius rotundicauda, Tachypleudus tridentata, or

Tachypleudus gigas) and to synthetic LAL reagents. Synthetic LAL reagents include, for example, can

include purified horseshoe crab Factor-C protein (naturally occurring or recombinant) and, optionally, a

surfactant, as described in WO 03/002976. One such reagent, "PyroGene™," is available from Cambrex

Bio Science Walkersville, Inc. Reagents, such as those discussed in U.S. Patent Publication No.

20030054432, can also be used. LAL reagents preferably can be obtained from Cambrex Bio Science

Walkersville, Inc. Lyophilized LAL reagent can be reconstituted with 1.4 mL of LAL reagent water



(endotoxin-free water) and kept refrigerated until use. A reagent kit that enables highly sensitive

measurement of endotoxin using a recombinant Factor-C (trade name: PyroGene rFc, manufacturer:

Lonza Walkersville, Inc., distributor: Daiichi Pure Chemicals Co., Ltd.) is commercially available.

As used herein, the term "magnetic resonance parameter" refers to a relaxation rate or amplitude

extracted from an NMR relaxation rate measurement.

As used herein, the term "NMR relaxation rate" refers to any of the following in a sample: Tl,

T2, T i ho, 2 ho, and T2 . NMR relaxation rates may be measured and/or represented using T1/T2 hybrid

detection methods.

As used herein, the term "predetermined threshold value" refers to a standard parameter value or

set of values, a standard time curve, or a standard signature curve that is derived from the methods of the

invention and is characteristic of a particular rheological state or endotoxin level. A predetermined

threshold value can be obtained by measuring the NMR parameter values in, for example, samples with

and without endotoxin. Alternatively, the predetermined threshold value can be a predetermined value

characteristic of the absence of clotting (i.e., such as in an endotoxin free standard). The predetermined

threshold value can be used to ascertain the amount of endotoxin in a sample at a particular time

following the mixture of the endotoxin with an LAL reagent. For example, the threshold value can be a

water relaxation rate.

As used herein, the term "reader" or "T2reader" refers to a device for detecting coagulation-

related activation including clotting of samples. T2readers may be used generally to monitor endotoxin-

induced clotting in a sample. Such a device is described, for example, in International Publication No.

WO 2010/051362, which is herein incorporated by reference.

As used herein, the term "relative concentration" refers to the comparative concentration of one

water population with respect to another (e.g., a second or third) water population. For example, the

relative concentration of water population A may be two times (or five times, or ten times) greater than

the concentration of water population B.

As used herein, the term "T1/T2 hybrid" refers to any detection method that combines a Tl and a

T2 measurement. For example, the value of a T1/T2 hybrid can be a composite signal obtained through

the combination of, ratio, or difference between two or more different Tl and T2 measurements. The

T1/T2 hybrid can be obtained, for example, by using a pulse sequence in which Tl and T2 are

alternatively measured or acquired in an interleaved fashion. Additionally, the T1/T2 hybrid signal can

be acquired with a pulse sequence that measures a relaxation rate that is comprised of both Tl and T2

relaxation rates or mechanisms.

As used herein, the term "T2 signature" refers to a curve established by applying a mathematical

transform (e.g., a Laplace transform or inverse Laplace transform) to a decay curve associated with a

relaxation rate parameter at a discrete time point or over a set time duration during a rheological event.

T2 signature curves provide information about the relative abundance of multiple water populations in a

clot. T2 signatures may be used advantageously to assess, in real time, a discriminated endotoxin



contamination or level in a sample. Further, a T2 signature may be a two dimensional (intensity versus

T2 value or T2 value versus time) or three dimensional representation (intensity versus T2 value versus

time). The T2 values in the two- or three dimensional representation may be replaced with or compared to

other NMR signals such as Tl, T1/T2 hybrid, T l o T2 0 and T2 .

Other features and advantages of the invention will be apparent from the following Detailed

Description, the drawings, and the claims.

Brief Description of the Drawings

Figure 1 is a chart depicting LAL procedures for monitoring and measuring endoxtoxin in a

sample. The sample can be a negative control (water blank), an endotoxin standard (e.g., for producing a

standard curve), a test sample (for determining whether, or how much, endotoxin is present in the sample,

and/or a test sample spiked with endotoxin. For such assays, lyophilized LAL is typically reconstituted

with LAL Reagent Water (endotoxin-screened water). The endotoxin standard can be available as a

lyophilized lipopolysaccharide to be reconstituted with LAL Reagent Water. See Example 2.

Figure 2 is a graph depicting the T2 relaxation rate of water as a function of time following the

initiation of the clotting reaction by addition of varying levels of endotoxin standard to the LAL reagent

(see Example 2). An increase in the change is the T2 relaxation rate of water over time was observed

with increasing levels of endotoxin. The T2 relaxation rate has a dose-dependent response to endotoxin

levels and adequate resolution of the positive samples from the zero as low as 0.005 EU/mL. The data

was collected on two readers over the period of 3.5hours.

Figure 3 is a graph depicting the percent change in the T2 values as a function of time following

the initiation of the clotting reaction by addition of varying levels of endotoxin standard to the LAL

reagent (see Example 2). The percent change in the T2 value at a predetermined time point can be used

to determine the concentration of endotoxin in a sample.

Figures 4A and 4B are plots depicting the correlation between endotoxin level versus the clotting

time for a predetermined percent change in T2 value (see Example 2). Figure 4A depicts the correlation

for a 2% change in T2. Figure 4B depicts the correlation for a 0.2% change in T2. The strong correlation

observed for small changes in T2 permit rapid detection of endotoxin in a sample.

Figure 5 is a graph depicting the T2 relaxation rate of water as a function of time following the

initiation of the clotting reaction by addition of varying levels of endotoxin standard (down to 0.0001 EU)

to the LAL reagent (see Example 2). The T2 relaxation rate has a dose-dependent response to endotoxin

levels and adequate resolution of the positive samples from the zero as low as 0.0001 EU/mL.

Figure 6 is a graph depicting the T2 relaxation rate of water as a function of time following the

initiation of the clotting reaction by addition of varying amounts of l,3-P-D-glucan (see Example 3). The

resulting dose response curve for l,3-P-D-glucan in buffer shows that 100 pg/mL of l,3-P-D-glucan was

detected in less than 45 minutes. A boxcar smoothing function was applied to the T2 signal.



Detailed Description

The methods of the invention provide a simple and rapid method for detection and measurement

of the bacterial cell-wall toxin endotoxin and fungal cell-wall toxin 1,3- β -D-glucan. These can be

measured by means of the Limulus Amoebocyte Lysate (LAL) clotting response to these toxins in

solution. The sensitivity of NMR relaxation rates to clot formation in solution can be used to detect and

measure endotoxin by means of the LAL gelation reaction. When the LAL polymerizes, water diffusion

is effected, thereby altering the measured NMR relaxation values. The methods and devices of the

invention can be used to quickly and efficiently assess endotoxin levels in a sample.

Clotting Initiation

For performing the methods of the invention, clotting may be initiated using a Factor-C

containing reagent. A suitable Factor C-containing reagent may be a horseshoe crab amebocyte lysate

conventionally used for the Limulus test. Such a horseshoe crab amebocyte lysate is not particularly

limited as long as it is derived from, for example, hemocytes of horseshoe crabs belonging to the Limulus

sp., the Tachypleus sp. or the Carcinoscorpius sp., and it can produce the clotting enzyme via a reaction

with endotoxin. Therefore, a commercially available Limulus reagent (LAL reagent), or a Limulus

reagent (LAL reagent) provided in a kit for endotoxin measurement can be suitably used.

It is also possible to use a recombinant Factor C derived from a recombinant gene prepared based

on all or a part of the horseshoe crab Factor C gene. A suitable example of the recombinant Factor C may

be the recombinant Factor C provided in the commercially available PyroGene rFc (manufactured by

Lonza Walkersville and Inc., distributed by Daiichi Pure Chemicals Co., Ltd.). Alternatively, the

recombinant Factor C may be obtained by preparing an expression vector having the horseshoe crab

Factor C gene inserted thereinto according to a known genetic engineering method, introducing the vector

into appropriate host cells to achieve expression of a recombinant protein, and purifying the protein.

The methods of the invention can be performed using a reduced amount of C-containing reagent.

When the horseshoe crab amebocyte lysate conventionally used in the Limulus test (for example, a

commercially available Limulus reagent) as the Factor C-containing reagent, the amount used with the

methods of the invention can be about 10% to 50% of the typical amount otherwise used. This is because

of the increased sensitivity of the assay of the invention. About 10% to 50% of the typical amount is

equivalent to approximately 0.375 to 2.2 mg/mL of protein derived from horseshoe crab amebocyte

lysate.

Signal Acquisition and Processing

Standard radiofrequency pulse sequences for the determination of nuclear resonance parameters

are known in the art, for example, the Carr-Purcell-Meiboom-Gill (CPMG) is traditionally used if

relaxation constant T2 is to be determined. Optimization of the radiofrequency pulse sequences,



including selection of the frequency of the radiofrequency pulses in the sequence, pulse powers and pulse

lengths, depends on the system under investigation and is performed using procedures known in the art.

Nuclear magnetic resonance parameters that can be obtained using the methods of the present

invention include but are not limited to Tl , T2, T1/T2 hybrid, T l o T 2 0 and T2 . Typically, at least one

of the one or more nuclear resonance parameters that are obtained using the methods of the present

invention is spin-spin relaxation constant T2.

As with other diagnostics and analytical instrumentation, the goal of NMR-based diagnostics is to

extract information from a sample and deliver a high-confidence result to the user. As the information

flows from the sample to the user it typically undergoes several transformations to tailor the information

to the specific user. This can be achieved by processing the NMR relaxation signal into one or more

series of component signals representative of the different populations of water molecules present, e.g., in

a sample that is undergoing endotoxin-induced clotting. For example, NMR relaxation data, such as T2,

can be fit to a decaying exponential curve defined by the following equation:

where fit) is the signal intensity as a function of time, t, A is the amplitude coefficient for the ith

component, and (T) the decay constant (such as T2) for the ith component. For relaxation phenomenon

discussed here the detected signal is the sum of a discrete number of components (/=1,2,3,4. . .n). Such

functions are called mono-, bi-, tri-, tetra- or multi-exponential, respectively. Due to the widespread need

for analyzing multi-exponential processes in science and engineering, there are several established

mathematical methods for rapidly obtaining estimates of A and (T) for each coefficient. Methods that

have been successfully applied and may be applied in the processing of the raw data obtained using the

methods of the present invetion include Laplace transforms, algebraic methods, graphical analysis,

nonlinear least squares (of which there are many flavors), differentiation methods, the method of

modulating functions, integration method, method of moments, rational function approximation, Pade-

Laplace transform, and the maximum entropy method (see Istratov, A. A. & Vyvenko, O. F. Rev. Sci.

Inst. 70: 1233 (1999)). Other methods, which have been specifically demonstrated for low field NMR

include singular value decomposition (Lupu, M. & Todor, D. Chemometrics and Intelligent Laboratory

Systems 29: 11 (1995)) and factor analysis.

There are several software programs and algorithms available that use one or more of these

exponential fitting methods. One of the most widely cited sources for exponential fitting programs are

those written and provided by Stephen Provencher, called "DISCRETE" and "CONTIN" (Provencher, S.

W. & Vogel, R. H. Math. Biosci. 50:25 1 (1980); Provencher, S. W. Comp. Phys. Comm. 27:213 (1982)).

Discrete is an algorithm for solving for up to nine discrete components in a multi-component exponential

curve. CONTIN is an algorithm that uses an inverse Laplace transform to solve for samples that have a

distribution of relaxation times. Commercial applications using multiexponential analyses use these or

similar algorithms. In fact, Bruker minispec uses the publicly-available CONTIN algorithm for some of



their analysis. For the invention described here, the relaxation times are expected to be discrete values

unique to each sample and not a continuous distribution, therefore programs like CONTIN are not needed

although they could be used. The code for many other exponential fitting methods are generally available

(Istratov, A. A. & Vyvenko, O. F. Rev. Sci. Inst. 70: 1233 (1999)) and can be used to obtain medical

diagnostic information according to the methods of the present invention. Information is available

regarding how the signal to noise ratio and total sampling time relates to the maximum number of terms

that can be determined, the maximum resolution that can be achieved, and the range of decay constants

that can be fitted. For a signal to noise ratio of ~104 the theoretical limit as to the resolution of two decay

constants measured, independent of the analytical method, is a resolution of > 1.2 (Istratov, A.

A. & Vyvenko, O. F. Rev. Sci. Inst. 70: 1233 (1999)). Thus it is believed that the difference between

resolvable decay constants scales with their magnitudes, which is not entirely intuitive and is unlike

resolution by means of optical detection. The understanding of the maximum resolution and the

dependence on resolution on the signal-to-noise ratio will assist in assessing the performance of the fitting

algorithm.

Further the methods of the invention can be used on a benchtop NMR relaxometer, benchtop time

domain system, or NMR analyzer (e.g., ACT, Bruker, CEM Corporation, Exstrom Laboratories,

Quantum Magnetics, GE Security division, Halliburton, HTS-1 11 Magnetic Solutions, MR Resources,

NanoMR, NMR Petrophysics, Oxford Instruments, Process NMR Associates, Qualion NMR Analyzers,

SPINLOCK Magnetic Resonance Solutions, or Stelar, Resonance Systems).

The CPMG pulse sequence used to collect data with a T2reader is designed to detect the inherent

T2 relaxation time of the sample. Typically, this is dictated by one value, but for samples containing a

complex mixture of states (e.g., a sample undergoing a clotting process or dissolution process) in a slow-

exchange regime, a distribution of T2 values can be observed. In this situation, the signal obtained with a

CPMG sequence is a sum of exponentials. One solution for extracting relaxation information from a

T2reader output is to fit a sum of exponentials in a least-squares fashion. Practically, this requires a priori

information on how many functions to fit. A second solution is to use the Inverse Laplace transform

(ILT) to solve for a distribution of T2 values that make up the exponential signal observed. Again, the

results of the CPMG sequence S(t), is assumed to be the sum of exponentials

(4)

Where A is the amplitude corresponding to the relaxation time constant T2 . If, instead of a discrete sum

of exponentials, the signal is assumed to be a distribution of T2 values, the sum over states can be

represented by

(5)



This has the same functional form as the ILT

and can be treated as such. The ILT of an exponential function requires constraints to solve. A few

methods that can be used to impose constraints are CONTIN, finite mixture modeling (FMM), and neural

networks (NN). An inverse Laplace transform may also be used in the generation of a 3D data set. A 3D

data set can be generated by collecting a time series of T2 decay curves and applying an inverse Laplace

transform to each decay curve to form a 3D data set. Alternatively, a 2D inverse Laplace transform can

be applied to a pre-assembled 3D data set to generate a transformed 3D data set describing the

distribution of T2 times.

In a heterogeneous environment containing two phases, several different exchange regimes may

be operative. In such an environment having two water populations (a and b), ra and r correspond to the

relaxation rates of water in the two populations; f a and correspond to the fraction of nuclei in each

phase; τα and b correspond to residence time in each phase; and a = (1/τ ) + (1/τ ) corresponds to the

chemical exchange rate. The exchange regimes can be designated as: (1) slow exchange: if the two

populations are static or exchanging slowly relative to the relaxation rates ra and rb, the signal contains

two separate components, decaying with time constants T2 and T
2

; (2) fast exchange: if the rate for

water molecules exchanging between the two environments is rapid compared to ra and rb, the total

population follows a single exponential decay with an average relaxation rate (rav) given by the weighted

sum of the relaxation rates of the separate populations; and (3) intermediate exchange: in the general case

where there are two relaxation rates r and r2 with r equal to ra in the slow exchange limit ra < rb, Ampi +

Amp2 = 1, and where r i 2 goes to the average relaxation rate in the fast exchange limit, equations 7, 8, 9,

and 10 may be applied:

(1/2) (r« + r + a) - (1/2) {r - r + a )2 - iaf r b - r )
(7)

r2 = ( l / 2) (r + r + + (1/2) /{r - r a + n
(8)

. r avAmp, —
r

(9)

Amp2 =
' - (10)

The invention also features the use of a pulsed field gradient or a fixed field gradient in the

collection of relaxation rate data. The invention further features the use of the techniques of diffusion-



weighted imaging (DWI) as described in Vidmar et al. (Vidmar et al., NMR Biomed. 23: 34-40 (2010)),

which is herein incorporated by reference, or any methods used in porous media NMR (see, e.g, Bergman

et al., Phys. Rev. E 51: 3393-3400 (1995), which is herein incorporated by reference).

Magnetic Particles

The methods of the invention can be carried out in the presence of a paramagnetic agent (i.e.,

gadolinium, manganese, magnetic particles, etc.) added, e.g., to the sample prior to initiating clotting.

The paramagnetic reagent can be used to shorten the relaxation times of the water molecules, permitting

the data acquisition to proceed with shorter dwell times.

The magnetic particles that can be used in the methods of the invention include those described,

e.g., in U.S. Patent No. 7,564,245 and U.S. Patent Application Publication No. 2003-0092029, each of

which is incorporated herein by reference. The particles have high relaxivity owing to the

superparamagnetism of their iron, metal oxide, or other ferro or ferrimagnetic nanomaterials. Iron,

cobalt, and nickel compounds and their alloys, rare earth elements such as gadolinium, and certain

intermetallics such as gold and vanadium are ferromagnets can be used to produce superparamagnetic

particles. The magnetic particles can be monodisperse (a single crystal of a magnetic material, e.g., metal

oxide, such as superparamagnetic iron oxide, per magnetic particle) or polydisperse (e.g., a plurality of

crystals per magnetic particle). The magnetic metal oxide can also comprise cobalt, magnesium, zinc, or

mixtures of these metals with iron. The magnetic particles typically include metal oxide crystals of about

1-25 nm, e.g., about 3-10 nm, or about 5 nm in diameter per crystal. The magnetic particles can also

include a polymer component in the form of a core and/or coating, e.g., about 5 to 20 nm thick or more.

The overall size of the magnetic particles can be, e.g., from 20 to 50 nm, from 50 to 200 nm, from 100 to

300 nm, from 250 to 500 nm, from 400 to 600 nm, from 500 to 750 nm, from 700 to 1,200 nm, from

1,000 to 1,500 nm, or from 1,500 to 2,000 nm. Magnetic particle size can be controlled by adjusting

reaction conditions, for example, by using low temperature during the neutralization of iron salts with a

base as described in U.S. Patent No. 5,262,176. Uniform particle size materials can also be made by

fractionating the particles using centrifugation, ultrafiltration, or gel filtration, as described, for example

in U.S. Patent No. 5,492,814. Magnetic particles can also be synthesized according to the method of

Molday (Molday, R. S. and D. MacKenzie, "Immunospecific ferromagnetic iron-dextran reagents for the

labeling and magnetic separation of cells," J . Immunol. Methods, 52:353 (1982)), and treated with

periodate to form aldehyde groups. The aldehyde -containing magnetic particles can then be reacted with

a diamine (e.g., ethylene diamine or hexanediamine), which will form a Schiff base, followed by

reduction with sodium borohydride or sodium cyanoborohydride. The magnetic particles can be formed

from a ferrofluid (i.e., a stable colloidal suspension of magnetic particles). For example, the magnetic

particle can be a composite of multiple metal oxide crystals of the order of a few tens of nanometers in

size and dispersed in a fluid containing a surfactant, which adsorbs onto the particles and stabilizes them,

or by precipitation, in a basic medium, of a solution of metal ions. Suitable ferrofluids are sold by the



company Liquids Research Ltd. under the references: WHKS1S9 (A, B or C), which is a water-based

ferrofluid comprising magnetite (Fe30 4), having particles 10 nm in diameter; WHJS1 (A, B or C), which

is an isoparaffin-based ferrofluid comprising particles of magnetite (Fe30 4) 10 nm in diameter; and

BKS25 dextran, which is a water-based ferrofluid stabilized with dextran, comprising particles of

magnetite (Fe30 4) 9 nm in diameter. Other suitable ferrofluids for use in the systems and methods of the

invention are oleic acid-stabilized ferrofluids available from Ademtech, which include ca. 70% weight -

Fe20 3 particles (ca. 10 nm in diameter), 15% weight octane, and 15% weight oleic acid. The magnetic

particles are typically a composite including multiple metal oxide crystals and an organic matrix, and

having a surface decorated with functional groups (i.e., amine groups or carboxy groups) for linking

binding moieties to the surface of the magnetic particle. For example, the magnetic particles useful in the

methods of the invention include those commercially available from Dynal, Seradyn, Kisker, Miltenyi

Biotec, Chemicell, Anvil, Biopal, Estapor, Genovis, Thermo Fisher Scientific, JSR micro, Invitrogen, and

Ademtech, as well as those described in U.S. Patent Nos. 4,101,435; 4,452,773; 5,204,457; 5,262,176;

5,424,419; 6,165,378; 6,866,838; 7,001,589; and 7,217,457, each of which is incorporated herein by

reference. The methods of the invention can be performed in the presence of particles that contain

multiple superparamagnetic iron oxide cores (5-15 nm diameter) within a single larger polymer matrix or

ferrofluid assembly (100 nm-1200 nm total diameter, such as particles having an average diameter of 100

nm, 200 nm, 250 nm, 300 nm, 500 nm, 800 nm, or 1000 nm), or by using a higher magnetic moment

materials or particles with higher density, and/or particles with higher iron content.

Uses

The NMR-based methods of the invention described herein may be used in a variety of

applications where a substance or mixture of substances is undergoing testing for endotoxin

contamination.

The methods of the invention can be performed in conjunction with other systems, devices,

and/or methods for the rapid detection of analytes or an analyte concentration in a sample. For example,

the methods of the invention can be performed in conjunction with the systems, devices, and methods

described in PCT Publication No. PCT/US20 11/56936, filed October 19, 2011, and incorporated herein

by reference, which can include one or more of the following: (i) assay for endotoxin in water, diasylate,

pharmaceutical preparations, or biopharmaceutical preparations; (ii) end-product testing of human

injectable or animal injectable fluids (including drugs, medicaments, solutions), or medical devices; (iii)

assay for endotoxin in raw materials used in production, including water; (iv) assay for endotoxin for in-

process monitoring of endotoxin levels for any medical procedure; (v) assay biological samples (e.g.,

blood, sweat, tears, urine, saliva, semen, serum, plasma, cerebrospinal fluid (CSF), feces, vaginal fluid or

tissue, sputum, nasopharyngeal aspirate or swab, lacrimal fluid, mucous, or epithelial swab (buccal swab),

tissues, organs, bones, teeth, or tumors, among others); ( vi) monitor an environmental condition (e.g.,

plant growth hormone, insecticides, man-made or environmental toxins, nucleic acid sequences that are



important for insect resistance/susceptibility, algae and algae by-products), ( vi) in a bioremediation

program; for use in farming plants or animals, or to identify environmental hazards; and/or (viii) to detect

and monitor biowarfare or biological warfare agents (e.g., ricin, Salmonella typhimurium, botulinum

toxin, aflatoxin, mycotoxins, Francisella tularesis, small pox, anthrax). For example, the methods of the

invention can be performed in conjunction with assays designed to identify pathogens insensitive to

endotoxin testing, or to identify the species of pathogen present in a given sample.

The following examples are put forth so as to provide those of ordinary skill in the art with a

complete disclosure and description of how the methods and compounds claimed herein are performed,

made, and evaluated, and are intended to be purely exemplary of the invention and are not intended to

limit the scope of what the inventors regard as their invention.

Example 1: Detection of bacterial endotoxin

The methods and device of the invention are used to detect bacterial endotoxin, i.e., cell wall

material from gram-negative bacteria. Endotoxin is capable of causing high fevers in humans, and,

consequently, injectable drugs and medical devices that contact the blood are frequently tested for the

presence of endotoxin. A clotting-based assay for detecting endotoxin relies upon the reaction between

bacterial endotoxin and a specific lysate used in the assay. A lysate derived from the circulating

amebocytes of the horseshoe crab Limulus polyphemus is a particular lysate that can be used. In the

assay, the lysate is introduced to a sample to be tested for the presence of endotoxin. If a gel is formed,

via a clotting process, endotoxin is deemed to be present. The formation and properties of such a gel are

monitored by any of the NMR-based methods described herein.

Example 2 : Detection of endotoxin by magnetic relaxation

The goal of the study is to determine the applicability of magnetic relaxation as a means for

detecting endotoxin-induced clot formation. This study utilizes Lonza Limulus Amebocyte Lysate (LAL)

reagent(s). General protocols for performing a gelation endotoxin assay (by observation or optical

detection) are depicted in Figure 1.

The clotting cascade of Horseshoe crabs is a primitive defense mechanism to infection by

bacteria and fungi. In response to the Lipopolysaccharide (LPS) molecules found on the cell wall of

gram negative bacteria, an orchestrated cascade of events will direct a gelation reaction ultimately

engulfing the invading organism. This well characterized clotting cascade has been exploited in the

Pharmaceutical Industry as a surrogate assay to detect the presence of endotoxin or LPS, a known

pyrogen.

Lonza LAL reagents were used to confirm the performance of the gel clot and/or turbidimetric

assays in response to known amounts of endotoxin. The LAL reagents and accessories used to perform

the assays are listed in Table 1.



Product Name Description Part No. Sensitivit Time to
y (EU/ml) results

PYROGENT™ Gel clot LAL kit El 94-03 0.03 60 min
PYROGENT™ Gel clot LAL kit E194-125 0.125 60 min
PYROGENT™ Gel clot LAL kit E209-06 0.06 60 min
PYROGENT™ Gel clot LAL kit E209-25 0.25 60 min

Kinetic turbidimetric LAL T50-300 0.01 30-45 min
PYROGENT™-5000

kit
Endotoxin USP Reference Standard E700 n/a n/a
LAL Reagent Water <0.005 EU/ml W50-640 n/a n/a
Pyrogen-free tips Pipette tips, 2 to 200 ul 25-415 n a n/a
Pyrogen-free tips Pipette tips, 50 to 1000 ul 25-417 n/a n/a

13 x 100 mm dilution N207 n/a n/a
Pyrogen-free tubes

tubes
Pyrogen-free tubes 10 x 75 mm reaction tubes N205 n/a n/a

A demonstration of assay sensitivity and clotting time (and turgor) was used to establish a

baseline for comparison. The same reagents were then be used to evaluate to potential application of

magnetic relaxation as a means for the detection of the endotoxin-induced clotting reaction.

The endotoxin was reconstituted in 5 mL LAL reagent water (LRW) (results in 2000 EU/ml

solution) and vortexed 30 minutes. A series of dilutions was performed to generate standard endotoxin

solutions (i.e., from 200 EU/mL solution to 0.001 EU/mLsolution).

The LAL reagent was reconstituted in LAL reagent water, and the contents swirled gently until

dissolution.

Each tube was prepared by adding the LAL reagent solution to the test sample containing a

predetermined amount of endotoxin (or a blank).

The reaction was monitored in a T2 magnetic reader, holding test temperature constant (+/-1°C)

throughout assay. All T2MR data was processed using the following signal acquisition settings and

signal processing algorithm: all data was acquired on two T2MR readers. Signal acquisition settings: 45

us tau, 6 sec recycle delay, 6 sec total echo time, 300 T2 measurements every -14 seconds. Signal

processing settings: smoothing function of 16 or 22 moving boxcar average, DT2 normalization to

either the T2 value at 2 min, 5min, or the maximum T2 value. The "time to clot" was determined at

threshold changes in T2 of 0.2%, 0.5% or 2%.

Results

For the assay conducted in the T2 instrument, a linear response to the changes in endotoxin

concentration were observed, as was a reasonable separation between the lowest standard and the

negative control is desired.

An increase in the change is the T2 relaxation rate of water over time was observed with

increasing levels of endotoxin (see Figures 2, 3, and 5). The T2 relaxation rate has a dose-dependent



response to endotoxin levels and adequate resolution of the positive samples from the zero to as low as

0.005 EU/mL (see Figure 2) or 0.0001 EU/mL (see Figure 5).

The data can be presented as the percent change in the T2 values as a function of time following

the initiation of the clotting reaction by addition of varying levels of endotoxin standard to the LAL

reagent (see Figure 3). The percent change in the T2 value at a predetermined time point can be used to

determine the concentration of endotoxin in a sample.

We observed correlation between endotoxin level versus the clotting time at for a predetermined

percent change in T2 value (see Figures 4A and 4B). Figure 4A depicts the correlation for a 2% change

in T2. Figure 4B depicts the correlation for a 0.2% change in T2. The strong correlation observed for

small changes in T2 permit rapid detection of endotoxin in a sample. These results are provided in Table

2, below.

Table 2.

Conclusions

Our results demonstrate that the present method can have the following advantages: (i) improved

sensitivity in comparison to turbidometric measurements (0.0001 EU/mL versus 0.01 EU/mL); (ii) a

shorter time to produce a result in comparison to turbidometric measurements (-17 minutes using T2

signal versus -30 minutes using turbidometric methods); and (iii) a reduction in LAL reagent used in the

assay (-20 LAL reagent using T2 signal versus -100 LAL reagent using turbidometric methods).

The magnetic relaxation approach for endotoxin detection provides a sensitivity advantage

because the measurement probe is the water molecules in the sample. When diffusion properties of water

change, then the T2 signal changes. This method of measurement can be highly sensitive due to the

sensitivity of water to changes in the solution at the molecular level. It is believed that this is the

underlying principle for the superior sensitivity of magnetic relaxation detection for endotoxin, as

compared to optical turbidometric measurements that require a significant fraction of the solution to

scatter or absorb light.

Our other advantages include the robustness of the detector to additives that might interfere with

optical detection methods (i.e., samples that alter the optical clarity of the solution will not interfere with

our detector).



Using the methods of the invention, detection times were more than 50% shorter and sensitivity

improved by lOOx in comparison to optical methods using the same reagents.

Example 3 : Dose response curve for 1,3-p-D-glucan

l,3 -D-glucan is a component of the fungal cell wall and can be used for systematic screening

and identification of significant fungal infections. PYROGENT-5000 reagents (Lonza) were used (as

described in Example 2) with detection methods of the invention to generate a dose response curve for

l,3 -D-glucan in buffer. The results are depicted in Figure 6, demonstrating that 100 pg/mL of 1,3-β- -

glucan was detected in less than 45 minutes. A boxcar smoothing function was applied to the T2 signal.

In comparison to endotoxin detection, smaller T2 changes were observed. This smaller change in T2 was

likely due to the lack of specificity of the LAL reagent for the clotting initiator. Sensitvity and specificity

can be improved with assay optimization.

Example 4 : Data extraction algorithms for interpreting clotting in a sample in the slow exchange

rate regime

For slow exchange rate regime samples, the clotting process can be monitored as described in

Example 2, and the data output from the T2reader can be processed using a three-step method of

performing a bi-exponential fit, plotting and checking, feature extraction, T2 signature curves, relaxation

spectra, and 3D plot of water populations in a clot (all described below).

Bi-exponential fit

The curves can be fitted to a bi-exponential equation using start points (e.g., seeds) for AmpA,

AmpB, T2A, and T2B with fixed seeds used for the first five time points. The seed for the sixth time

point can be obtained from the average of the first five time points. Generally, time points can be seeded

with output from the previous time point. Negative values for parameters can be not allowed.

Alternatively, the data can be fit initially in the middle of the time series, working similarly to the ends.

The goodness-of-fit term can be computed by taking the sum of squares of the fit residuals, excluding

non-negative values, called SSE. The parameters AmpA, AmpB, T2A, and T2B can be binned into their

respective categories to create a text file.

Plotting and Checking

The fits that do not meet the SSE criteria can be flagged and removed. A simple smoothing

function based on local regression using weighted LLS and 1 degree polynomials can be performed and

outlier data was discarded. Each fit parameter can be plotted versus time (smoothed and unsmoothed).



Extract Features

The plotted curves can be measured to extract the values associated with clotting behaviors, such

as clotting time. Data extraction can be carried out using any of a variety of methods known in the art.

For example, metrics can be derived from the curve shape of the resulting data and/or calculated from the

value of one or more NMR parameters.

T2 signature curves

NMR data can be processed to create a T2 signature curve displaying distinct signals (i.e.

maxima) that represent individual water populations within a sample. The T2 signature curves are

created by applying a mathematical transform (e.g., a Laplace transform or inverse Laplace transform) to

a decay curve associated with T2 at a time point during a clotting event.

Tl relaxation measurements

In addition to being able to measure T2 measurements, T2readers can be configured to measure

Tl measurements. Tl measures different physical properties of the hydrogen atom spin system in the

sample. Therefore, Tl data provides alternative and complementary information about endotoxin clotting

compared to T2 data. While conventional Tl measurements are time consuming (2-3 minutes) due to the

step-wise nature of acquiring the T l signal, a z-refocused echo (ZRE) method can be used to acquire T l

within less than 5 seconds. Tl relaxation measurements can be used in the endotoxin detection assays of

the invention.

T1/T2 hybrid detection methods

T1/T2 hybrid detection methods are known in the art (Edzes, . Magn. Reson. 17: 301-313, 1975;

Sezginer et al., . Magn. Reson. 92: 504-527, 1991, which are hereby incorporated by reference). These

methods and related methods may be used in the endotoxin detection assays of the invention.

Tl is typically sampled by means of an inversion-recovery sequence. Inversion recovery

sequences can take several minutes to acquire depending on the precision of the measured relaxation time

that the user wants to achieve, which is dictated by the number of data measurements used in the pulse

sequence. The details of the inversion recovery sequence will not be described here, as they can be

looked up in any standard NMR textbook.

A T1ZRE pulse sequence allows for the measurement of Tl over the time required for the

magnetization to completely relax. (-3-5 x Tl). This is achieved by inverting the magnetization with a

180° pulse and then sampling the magnetization while the magnetization returns to equilibrium by

measuring its magnitude and returning it to its original - z position with a series of pulses.

The time that it takes to sample the magnetization is called , and the time between samplings is

τ . The time after the start of until the actual measurement is m. The measured relaxation constant is a



combination of R2 and Ri and is referred to as R12 . The three terms are related by

R = l -p)R +pR (11)

where p = J . From this relation, one can see that R12 goes to RI when p goes to 0.

x will depend on the total number of points and the total duration of the measurement. For

T2COAG measurements, it was 30 points over ~3 seconds for a x of 100 milliseconds. The x term can

be calculated from the pulse sequence and is essentially equivalent to 3xtau or 750 µ . Accordingly, the p

term is equal to 0.0075 and the measured relaxation, or hybrid, T1/T2 (hT12) term should primarily be

Tl. Sezginer et al. provide a simple equation to derive the Tl measurement from the hT12 signal, which

is

where ™ is hT12, T is Tl, T is the duration between the two measurements, is half of the inter-

echo delay or tau, and T2 is the measured T2 time.

The above description is simply illustrative of how this hybrid relaxation time can be measured.

There are other pulse sequences that can be used to measure hybrid relaxation constants and derive Tl in

a rapid fashion.

Regardless of the pulse sequence used, the inventive concept is directed to rapid acquisition of

magnetic resonance relaxation measurements. Other types of magnetic resonance pulse sequences can be

used to monitor the bulk hydrogen signal in the sample during coagulation. Examples include T2, Tl,

T1/T2 hybrid times, their inverse terms of R2, RI, R12, and pulsed NMR measurements commonly used

for materials analyses on relaxometers such as free induction decay (FID) based analyses, fast Fourier

transform based analyses (FFT). FID analysis commonly discriminates between rapidly decaying signals

and slowly decaying signals. The intensities of these two signals can be compared, as can their decay

constants. These pulse sequences have been commonly used for fat analysis, fat content and solid to

liquid ratio, solid fat to liquid ratio, hydrogen content determination, oil content, solids content, and total

fat content determinations, oil water emulsions, and fat and moisture determinations. Similar real-time or

kinetic measurements can be performed with those NMR parameters on samples that are undergoing an

endotoxin-induced clotting reaction.

Alternative relaxation measurements are attractive to provide: (1) more information of the

clotting process; (2) specific information not captured by the T2 measurement; and (3) normalization for

factors that both T2 and the new parameter are sensitive to. To describe point 3 more, if, for example, T l

measurements are sensitive to variations sample to sample but Tl does not contain the coagulation

information then there should be an algorithm to use the Tl curve to "subtract out" the part of the T2

signal that arises from undesired sensitivities in the samples.



Database of Signature Curves

The invention features data processing tools to transform the raw relaxation NMR data into a

format that provides signature curves characteristic of a clotting process. Possible transforms include the

Laplace or inverse Laplace transform (ILT). The data for each T2 measurement may be transformed

from the time dimension where signal intensity is plotted verses time to a "T2 relaxation" dimension.

The ILT provides not only information about the different relaxation rates present in the sample and their

relative magnitudes but also reports on the breadth of distribution of those signals.

Each acquired T2 relaxation curve has a corresponding two dimensional signature that maps all

of the different populations of water, or different T2 relaxation environments, that water is experiencing

in the sample. These curves can be compiled to form a 3D data set by stacking the plots over the duration

of the clotting time dimension. This generates a 3D surface that shows how the different populations of

water change as a function of time.

The data gathered using the methods of the invention can be represented using 3D plots generated

from different NMR parameters. Additional dimensions can be added by looking at specific patient types

or clotting curve types. Data reduction methods can be used to simplify the complex information that is

available. Such techniques as principal component analyses (PCA), automated feature extraction

methods, or other data handling methods can be used. Ideally, a library of signatures, 2D, and 3D plots

can be generated for a wide variety of clinical conditions. For example, two dimensional (intensity versus

T2 value or T2 value versus time) or three dimensional representations (intensity versus T2 value versus

time). The T2 values in the two- or three dimensional representation may be replaced with or compared

to other NMR signals such as Tl, T1/T2 hybrid, T l o T2 0 and T2 .

Alternatively, an endotoxin-induced clotting process within a sample is assessed by an NMR

parameter extracted from one or more free induction decay (FID) signals obtained from the sample. For

example, an NMR parameter can be extracted from the signal to noise ratio of an FID, from a comparison

of an FID to a predetermined threshold, or from the integration of an FID. The NMR parameters

obtained by the method can be used to characterize the clotting process, improve sensitivity, or reduce the

amount of time needed to produce a test result.

T2 relaxation spectra can be used to identify and monitor different populations of water in a

sample undergoing clotting.

3D Data Plots and Dashboard Displays

3D representations of the T2 data in a sample undergoing a clotting process may be generated

using the methods of the invention. In certain embodiments, the dimensions of the generated 3D plots

correspond to a relaxation time (e.g., T2 or 1/T2) dimension, an intensity or amplitude dimension, and a

time dimension. The time dimension represents the time over which the clotting process has proceeded

or is proceeding. The 3D plots obtained from endotoxin-induced clotting can exhibit a variety of



topographical features that correspond with separate water populations in different physical and/or

chemical environments within the sample. The 3D plots and the data used to generate the 3D plots may

be mined for biomarkers or clotting behaviors associated with the sample. The 3D plots or the data used

to generate the 3D data plots may also be used to discover new biomarkers.

The 3D data associated with a 3D plot of a clotting sample can be used to generate a Dashboard

Display featuring a variety of biomarkers and/or clotting behaviors either in real time or after the clotting

process has concluded. A similar dashboard display can be generated using the methods of the invention

for an endotoxin assay. The information contained within the different topographical features and water

populations evident in the 3D plot may be associated with particular biomarkers and clotting behaviors.

A variety of methods can be used to extract the biomarkers or clotting behaviors from the 3D data set.

For example, the slope or curvature of a topographical feature of a 3D plot may be correlated with a

clotting behavior. A cross-section of a 3D plot may also be used to calculate a clotting behavior. A

cross-section of a 3D plot showing T2 time as a function of intensity at a given time (a T2 relaxation

spectrum) depicts the various water populations present in a sample at a given time. The features of a T2

relaxation spectrum can be mined for a range of clotting behaviors. The integration of a particular

topographical feature, such as the volume of a particular feature, or curve from a cross-section of a 3D

plot may also be useful in establishing a clotting behavior (e.g. clot strength). Clotting behaviors may

also be extracted through the integration of a range of T2 relaxation spectra collected at sequential or

disparate time points.

Alternatively, the 3D plots can be used to identify a feature characteristic of clot behavior. The

feature can be one that is measured without 3D analysis, such as via pulse sequence for selectively

monitoring a water population having an average T2 relaxation rate of about 400 milliseconds or 1,000

milliseconds at a particular time post clot initiation. Optionally, the water population is measured

exclusive of other water populations in the sample.

The features of a T2 relaxation curve, including the range of T2 values associated with a

particular signal, may vary based on the instrument (e.g., a T2reader or a Bruker minispec) used to collect

data. Likewise, the range of T2 values for a given sample may depend on the material used to construct

the tubes (e.g., plastic or glass) containing the sample during T2 measurements. The invention

encompasses the use of any magnetic resonance instrument and any sample container in the collection of

a 3D data set used in the analysis of a sample.

Other Embodiments

All publications, patents, and patent applications mentioned in this specification are herein

incorporated by reference to the same extent as if each independent publication or patent application was

specifically and individually indicated to be incorporated by reference.

While the invention has been described in connection with specific embodiments thereof, it will

be understood that it is capable of further modifications and this application is intended to cover any



variations, uses, or adaptations of the invention following, in general, the principles of the invention and

including such departures from the present disclosure that come within known or customary practice

within the art to which the invention pertains and may be applied to the essential features hereinbefore set

forth, and follows in the scope of the claims.

This application claims benefit of U.S. Provisional Application No. 61/537,396, filed September

21, 2011, and U.S. Provisional Application No. 61/576,607, filed December 16, 2011, each of which are

hereby incorporated by reference.



CLAIMS

1. A method of measuring the endotoxin level in a sample comprising the steps of:

(a) mixing said sample with LAL reagent to form a mixture;

(b) at a predetermined time following step (a), measuring the NMR relaxation rate of water in the

mixture; and

(c) on the basis of said NMR relaxation rate, determining the endotoxin level in said sample.

2. The method of claim 1, wherein step (b) is repeated and the change in said NMR relaxation

rate is observed at two or more time points following step (a).

3. The method of claim 2, further comprising calculating said change in said NMR relaxation

rate, and, on the basis of said change determining the endotoxin level in said sample.

4. The method of claim 1, wherein step (c) comprises comparing the NMR relaxation rate to a

predetermined threshold value.

5. The method of any one of claims 1-4, wherein said endotoxin level is determined within 20

minutes of performing step (a).

6. A method for identifying the presence of endotoxin in a mixture comprising LAL reagent, said

method comprising measuring a signal characteristic of the NMR relaxation rate of water in the mixture

to produce NMR relaxation data, and on the basis of said NMR relaxation data determining whether said

endotoxin is present in said mixture.

7. The method of any one of claims 1-6, wherein said method is capable of detecting 0.0001

EU/mL in said mixture.

8. The method of any one of claims 1-7, wherein said mixture comprises from 10% to 50% of

the amount of LAL reagent typically used in a turbidometric assay.

9. The method of any one of claims 1-8, wherein said sample comprises a light scattering or light

absorbing composition.

10. The method of any one of claims 1-9, wherein said NMR relaxation rate is selected from

the group consisting of Tl, T2, T1/T2 hybrid, T l o, T2 0 , and T2 .



11. A method of measuring the endotoxin level in a sample comprising:

(a) mixing said sample with LAL reagent to form a mixture containing Factor-C capable of being

activated by binding with endotoxin;

(b) following step (a), measuring a signal characteristic of the NMR relaxation rate of water in

the mixture to produce NMR relaxation data;

(c) determining from the NMR relaxation data a magnetic resonance parameter value or set of

values, said value or set of values being responsive to Factor-C activation by said endotoxin in said

mixture; and

(d) on the basis of the result of step (c), determining the endotoxin level in said sample.

12. The method of claim 11, wherein said mixture comprises one or more populations of water

and determining from the NMR relaxation data a magnetic resonance parameter value or set of values

correlated to at least one population of water in said sample.

13. The method of any one of claims 1-12, comprising monitoring protons in water.

14. The method of any one of claims 1-12 comprising monitoring oxygen atoms in water.

15. The method of any one of claims 1-14, wherein said relaxation rate measurements comprise

a T2 measurement.

16. The method of any one of claims 10-15, wherein said magnetic resonance parameter values

comprise a T2 parameter value.

17. The method of any one of claims 10-15, wherein said magnetic resonance parameter values

comprise an amplitude parameter value.

18. The method of claim 16 or 17, wherein said algorithm comprises an algorithm selected from

the group consisting of a multi-exponential algorithm, a bi-exponential algorithm, a tri-exponential

algorithm, a decaying exponential algorithm, a Laplace transform, a goodness-of-fit algorithm, an SSE

algorithm, a least squares algorithm, and a non-negative least squares algorithm.

19. The method of any one of claims 11-1 8, wherein said relaxation rate is selected from the

group consisting of T l , T2, T1/T2 hybrid, Τ ι ο, T 2 0 , and T2 .



20. A method of identifying the presence of endotoxin in a sample, said method comprising the

steps of:

(i) mixing said sample with LAL reagent to form a mixture containing water and Factor-C

capable of being activated by binding with endotoxin;

(ii) following step (i), making a series of relaxation rate measurements of the water in the mixture

capable of undergoing a clotting process to provide two or more decay curves, each decay curve

characteristic of a time point in said process;

(iii) applying a mathematical transform to said two or more decay curves to produce two or more

magnetic resonance relaxation rates, each relaxation rate characteristic of a time point in said process; and

(iv) based the two or more relaxation rates, determining whether endotoxin is present in said

sample.

21. A method of identifying the presence of endotoxin in a sample, said method comprising the

steps of:

(i) mixing said sample with LAL reagent to form a mixture containing water and Factor-C

capable of being activated by binding with endotoxin;

(ii) following step (i), making at least one relaxation rate measurement of the water in the mixture

capable of undergoing a clotting process to provide one or more decay curves, each decay curve

characteristic of a time point in said process;

(iii) applying a mathematical transform to at least one decay curve to produce at least one

magnetic resonance relaxation rate characteristic of a time point in said process; and

(iv) based the relaxation rate, determining whether endotoxin is present in said sample.

22. The method of claim 20, wherein step (iv) comprises comparing said relaxation rate to a

predetermined threshold value.

23. A method of measuring the endotoxin level in a sample, said method comprising the steps of:

(i) mixing said sample with LAL reagent to form a mixture containing water and Factor-C

capable of being activated by binding with endotoxin;

(ii) following step (i), making at least one relaxation rate measurement of the water in the mixture

capable of undergoing a clotting process to provide one or more decay curves, each decay curve

characteristic of a time point in said process;

(iii) applying a mathematical transform to at least one decay curve to produce at least one

magnetic resonance relaxation rate characteristic of a time point in said process; and

(iv) based the relaxation rate, determining the level of endotoxin present in said sample.



24. The method of claim 23, wherein step (iv) comprises comparing said relaxation rate to a

predetermined threshold value.
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