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Description

Cross Reference to Related Applications

[0001] The present application claims benefit of U.S. Provisional Application No. 61/540,584 filed on September 29,
2011.

Field of the Invention

[0002] This application relates to assay methods, modules and kits for conducting diagnostic assays useful in the
detection of radiation exposure and the severity of tissue injury to radiation.

Statement Regarding Federally-Sponsored Research

[0003] This invention was made with federal support under HHSO100201000009C awarded by the Department of
Health and Human Services. The U.S. government has certain rights in the invention.

Background of the Invention

[0004] In the aftermath of an incident in which a significant number of civilians are exposed to radiation or radioactive
materials, health authorities will need to be able to rapidly identify individuals who have been exposed to life-threatening
significant doses of radiation. The deadly effects of ionizing radiation (IR) are wide-ranging and include systemic and
organ-specific damage. Acute effects of high-dose ionizing radiation (> 2 Gy) include depletion of specific types of
peripheral blood cells, immune suppression, mucosal damage, and potential injury to other sites such as bone and bone
marrow niche cells, gastrointestinal system, lungs, kidneys, and the central nervous system. In addition, exposures to
low or moderate doses (1-3 Gy) of ionizing radiation can result in increased mortality if accompanied by physical injuries,
opportunistic infections, and/or hemorrhage. Long-term effects include dysfunction or fibrosis in a wide range of organs
and tissues, cataracts, and, ultimately, a higher risk of cancer. In many cases, the effects of radiation exposure can be
mitigated by early triage and treatment.
[0005] Although radioactive material can be detected with instruments, assessment of the radiation dose or injury that
a person has already received is more difficult. Because current and foreseeable medical countermeasures for radiation
injuries are often expensive, labor-intensive and time-consuming to administer (and monitor), have limited availability,
and are occasionally associated with serious toxicities, they should only be administered to persons who will likely benefit
from their use. Fast, accurate radiation dose and tissue injury assessment could greatly facilitate identification of exposed
people who could benefit from early medical intervention.
[0006] No rapid diagnostic exists that can reliably discriminate levels of IR exposure based on samples collected at
a single time point. The complete blood count, particularly the lymphocyte count, is useful, but optimally requires at least
two samples spaced hours to days apart to estimate dose. The diagnostic "gold standard" in the field of radiation
biodosimetry, the dicentric chromosome assay, is labor-intensive and slow, and its use in mass-casualty situations would
be problematic.
[0007] Therefore, there is a need for sensitive and specific biodosimetry dose assessment tools that can be used to
identify patients requiring urgent medical attention, improve risk assessment for the delayed or late effects of radiation
exposure, improve patient tracking efficiency for repeated observation or therapeutic administration, and play a role in
monitoring therapy and long-term follow-up. Such tools will also fill an important need for monitoring radiation received
during medical care, for example, radiation received from medical imaging devices, radiation received as a medical
therapy (for example to treat cancer), or radiation received in preparation for stem-cell transplants. The tools would
provide the capability to detect individuals accidentally overexposed, to select individuals and optimize the schedule of
countermeasure doses used in treatment as well as to monitor their efficacy for specific individuals.

Summary of the Invention

[0008] The present invention provides a biodosimetry assay panel and methods to measure multiple radiation-sensitive
protein biomarkers to assess radiation dose and tissue injury. The methods of the present invention can be used to
triage and guide the treatment of individuals exposed to ionizing radiation after a major radiological or nuclear event.
The tools can also be used to guide treatment of individuals exposed to ionizing radiation during medical treatment or
as a result of an accidental exposure.
[0009] Accordingly, the present invention provides a multiplexed assay kit used to assess an absorbed dose of ionizing
radiation or radiation-induced tissue injury in a patient sample, wherein the kit is configured to measure the level of a
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plurality of biomarkers in the sample and the plurality of biomarkers includes: (a) a DNA-damage comprises B-lymphocyte
antigen CD20, FMS-like tyrosine kinase 3 ligand (Flt-3L), neutrophil activation marker CD177, interleukin 12 (IL-12),
thrombopoeitin (TPO) and salivary amylase (AMY). Also contemplated is a system comprising a_device capable of
receiving a kit such as this to measure level of said plurality of biomarkers, said device operatively associated with a
computer system, said computer system having stored thereon a computer program which, when executed by said
computer system, causes the computer program to perform a method comprising correlating the level of said plurality
of biomarkers present in the sample with the dose of radiation absorbed by the patient.
[0010] Also described is a multiplexed assay kit used to assess an absorbed dose of ionizing radiation in a patient
sample, said kit is configured to measure the level of a plurality of biomarkers in said sample, said plurality of biomarkers
comprising (i) one or more biomarkers including Flt-3L, G-CSF, GM-CSF, EPO, CD27, CD45, SAA, CD26, IL-12, TPO,
and combinations thereof; and (ii) an additional biomarker including: (a) a DNA-damage biomarker; (b) an inflammatory-
response biomarker; (c) a tissue-damage biomarker; (d) a tissue-damage repair biomarker; (e) a hematology-surrogate
marker; and (f) combinations thereof.
[0011] The invention also includes a method of assessing an absorbed dose of ionizing radiation in a patient sample,
said method comprising (a) measuring levels of a plurality of biomarkers in said sample; (b) applying, by a processor,
an algorithm to assess said absorbed dose in said patient based on said levels of said plurality of biomarkers in said
sample; wherein said plurality of biomarkers comprises B-lymphocyte antigen CD20, FMS-like tyrosine kinase 3 ligand
(Flt-3L), neutrophil activation marker CD177, interleukin 12 (IL-12), thrombopoeitin (TPO) and salivary amylase (AMY).
[0012] Additionally described is a method of determining an injury severity value comprising

(a) measuring a level of a plurality of biomarkers in a patient sample, wherein one or more biomarkers of said plurality
of biomarkers are altered relative to a normal control in the event of an injury in a patient;
(b) fitting, by a processor, said measured level to a response surface model as a function of an injury severity index
and/or time;
(c) computing a cost function for combining said plurality of biomarkers; and
(d) identifying an injury severity value that minimizes said cost function at a known time interval.

[0013] Additionally described is a method of determining a radiation dose comprising

(a) measuring a level of a plurality of biomarkers in a patient sample, wherein one or more biomarkers of said plurality
of biomarkers are altered relative to a normal control in the event of radiation exposure;
(b) fitting, by a processor, said measured level to a response surface model as a function of radiation dose or time;
(c) computing a cost function for combining said plurality of biomarkers; and
(d) selecting a radiation dose that minimizes said cost function at a known time interval.

[0014] Additionally described is a computer readable medium having stored thereon a computer program which, when
executed by a computer system operably connected to an assay system configured to measure a level of a plurality of
biomarkers in a patient sample, causes the computer system to perform a method of calculating an injury severity value
by a method comprising:

(a) fitting said measured level to a response surface model as a function of a injury severity index or time;
(b) computing a cost function for combining said plurality of biomarkers; and
(c) identifying an injury severity value that minimizes said cost function at a known time interval.

[0015] Additionally described is a computer readable medium having stored thereon a computer program which, when
executed by a computer system operably connected to an assay system configured to measure a level of a plurality of
biomarkers in a patient sample, causes the computer system to perform a method of calculating radiation dose by a
method comprising:

(a) fitting said measured level to a response surface model as a function of radiation dose or time;
(b) computing a cost function for combining said plurality of biomarkers; and
(c) selecting a radiation dose that minimizes said cost function at a known time interval.

[0016] Additionally described is a multiplexed hematology surrogate biomarker assay kit configured to measure a level
of a plurality of biomarkers in a sample, said plurality of biomarkers comprises a lymphocyte cell surface marker, a
neutrophil cell surface marker, and combinations thereof.
[0017] Further described is a method of assaying peripheral blood leukocyte status in a sample comprising
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(a) measuring a level of a plurality of hematology surrogate biomarkers in a sample, said plurality of biomarkers
comprises a lymphocyte cell surface marker, a neutrophil cell surface marker, and combinations thereof;
(b) comparing said level of said biomarkers in said sample to a level of said biomarkers in a normal control sample; and
(c) determining said peripheral blood leukocyte status based on said comparison step (b).

Brief Description of the Figures

[0018]

Fig. 1(a)-(b) shows the effect of radiation on plasma Flt-3L levels in mice. Panel (a) shows the biomarker level as
a function of time after radiation (60Co γ-ray), with each line representing a different dose. Table 8 shows the
significance (p values, unpaired t test, highlighting p values < 0.01) for the change in the biomarker level for each
irradiation condition, relative to the 0 Gy controls. Panel (b) shows the results of a Combined Injury Study comparing
biomarker levels in mice receiving radiation alone (closed circles) vs. mice receiving radiation combined with a 15%
surface area puncture wound (open circles). Each point on both plots represents the average level from 8 replicate
animals.
Fig. 2(a)-(b) shows the effect of radiation on plasma SAA levels in mice. Panel (a) shows the biomarker level as a
function of time after radiation (60Co γ-ray), with each line representing a different dose. Table 9 shows the significance
(p values, unpaired t test, highlighting p values < 0.01) for the change in the biomarker level for each irradiation
condition, relative to the 0 Gy controls. Panel (b) shows the results of a Combined Injury Study comparing biomarker
levels in mice receiving radiation alone (closed circles) vs. mice receiving radiation combined with a 15% surface
area puncture wound (open circles). Each point on both plots represents the average level from 8 replicate animals.
Fig. 3(a)-(b) shows the effect of radiation on plasma G-CSF levels in mice. Panel (a) shows the biomarker level as
a function of time after radiation (60Co γ-rays), with each line representing a different dose. Table 10 shows the
significance (p values, unpaired t test, highlighting p values < 0.01) for the change in the biomarker level for each
irradiation condition, relative to the 0 Gy controls. Panel (b) shows the results of a Combined Injury Study comparing
biomarker levels in mice receiving radiation alone (closed circles) vs. mice receiving radiation combined with a 15%
surface area puncture wound (open circles). Each point on both plots represents the average level from 8 replicate
animals.
Fig. 4(a)-(b) shows the effect of radiation on plasma GM-CSF levels in mice. Panel (a) shows the biomarker level
as a function of time after radiation (60Co γ-rays), with each line representing a different dose. Table 11 shows the
significance (p values, unpaired t test, highlighting p values < 0.01) for the change in the biomarker level for each
irradiation condition, relative to the 0 Gy controls. Panel (b) shows the results of a Combined Injury Study comparing
biomarker levels in mice receiving radiation alone (closed circles) vs. mice receiving radiation combined with a 15%
surface area puncture wound (open circles). Each point on both plots represents the average level from 8 replicate
animals.
Fig. 5(a)-(b) shows the results of a mouse radiation dose study, and in particular, the response of plasma IL-6
showing concentration vs time (panel (a)), concentration vs. dose (panel (b)) and the p values for irradiated vs.
controls (unpaired t test, highlighting p values < 0.01) for the response to each irradiation condition (Table 12).
Fig. 6(a)-(b) shows the effect of radiation on plasma TPO levels in mice. Panel (a) shows the biomarker level as a
function of time after radiation (60Co γ-rays), with each line representing a different dose. Table 13 shows the
significance (p values, unpaired t test, highlighting p values < 0.01) for the change in the biomarker level for each
irradiation condition, relative to the 0 Gy controls. Panel (b) shows the results of a Combined Injury Study comparing
biomarker levels in mice receiving radiation alone (closed circles) vs. mice receiving radiation combined with a 15%
surface area puncture wound (open circles). Each point on both plots represents the average level from 8 replicate
animals.
Fig. 7(a)-(b) shows the effect of radiation on plasma EPO levels in mice. Panel (a) shows the biomarker level as a
function of time after radiation (60Co γ-rays), with each line representing a different dose. Table 14 shows the
significance (p values, unpaired t test, highlighting p values < 0.01) for the change in the biomarker level for each
irradiation condition, relative to the 0 Gy controls. Panel (b) shows the results of a Combined Injury Study comparing
biomarker levels in mice receiving radiation alone (closed circles) vs. mice receiving radiation combined with a 15%
surface area puncture wound (open circles). Each point on both plots represents the average level from 8 replicate
animals.
Fig. 8(a)-(b) shows the effect of radiation on plasma IL-5 levels in mice. Panel (a) shows the biomarker level as a
function of time after radiation (60Co γ-ray), with each line representing a different dose. Table 15 shows the signif-
icance (p values, unpaired t test, highlighting p values < 0.01) for the change in the biomarker level for each irradiation
condition, relative to the 0 Gy controls. Panel (b) shows the results of a Combined Injury Study comparing biomarker
levels in mice receiving radiation alone (closed circles) vs. mice receiving radiation combined with a 15% surface
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area puncture wound (open circles). Each point on both plots represents the average level from 8 replicate animals.
Fig. 9(a)-(b) shows the results of a mouse radiation dose study, and in particular, the response of plasma IL-10
showing concentration vs time (panel (a)), concentration vs. dose (panel (b)) and the p values for irradiated vs.
controls (unpaired t test, highlighting p values < 0.01) for the response to each irradiation condition (Table 16).
Fig. 10(a)-(b) shows the results of a mouse radiation dose study, and in particular, the response of plasma KC/GRO
showing concentration vs time (panel (a)), concentration vs. dose (panel (b)) and the p values for irradiated vs.
controls (unpaired t test, highlighting p values < 0.01) for the response to each irradiation condition.
Fig. 11(a)-(b) shows the results of a mouse radiation dose study, and in particular, the response of plasma TNF-α
showing concentration vs time (panel (a)), concentration vs. dose (panel (b)) and the p values for irradiated vs.
controls (unpaired t test, highlighting p values < 0.01) for the response to each irradiation condition (Table 17).
Fig. 12(a)-(b) shows the results of a mouse radiation dose study, and in particular, the response of γ-H2AX in blood
cell pellets showing concentration vs time (panel (a)), concentration vs. dose (panel (b)) and the p values for irradiated
vs. controls (unpaired t test, highlighting p values < 0.01) for the response to each irradiation condition (Table 19).
Fig. 13(a)-(b) shows the results of a mouse radiation dose study, and in particular, the response of p53 in blood cell
pellets showing concentration vs time (panel (a)), concentration vs. dose (panel (b)) and the p values for irradiated
vs. controls (unpaired t test, highlighting p values < 0.01) for the response to each irradiation condition (Table 20).
Fig. 14(a)-(b) shows the effect of radiation on plasma CD-27 levels in mice. Panel (a) shows the biomarker level as
a function of time after radiation (60Co γ-rays), with each line representing a different dose. Table 21 shows the
significance (p values, unpaired t test, highlighting p values < 0.01) for the change in the biomarker level for each
irradiation condition, relative to the 0 Gy controls. Panel (b) shows the results of a Combined Injury Study comparing
biomarker levels in mice receiving radiation alone (closed circles) vs. mice receiving radiation combined with a 15%
surface area puncture wound (open circles). Each point on both plots represents the average level from 8 replicate
animals.
Fig. 15(a)-(b) shows the effect of radiation on plasma IL-12 levels in mice. Panel (a) shows the biomarker level as
a function of time after radiation (60Co γ-rays), with each line representing a different dose. Table 22 shows the
significance (p values, unpaired t test, highlighting p values < 0.01) for the change in the biomarker level for each
irradiation condition, relative to the 0 Gy controls. Panel (b) shows the results of a Combined Injury Study comparing
biomarker levels in mice receiving radiation alone (closed circles) vs. mice receiving radiation combined with a 15%
surface area puncture wound (open circles). Each point on both plots represents the average level from 8 replicate
animals.
Fig. 16(a)-(b) shows the effect of radiation on plasma CD45 levels in mice. Panel (a) shows the biomarker level as
a function of time after radiation (60Co γ-rays), with each line representing a different dose. Table 23 shows the
significance (p values, unpaired t test, highlighting p values < 0.01) for the change in the biomarker level for each
irradiation condition, relative to the 0 Gy controls. Panel (b) shows the results of a Combined Injury Study comparing
biomarker levels in mice receiving radiation alone (closed circles) vs. mice receiving radiation combined with a 15%
surface area puncture wound (open circles). Each point on both plots represents the average level from 8 replicate
animals.
Fig. 17(a)-(b) shows the effect of radiation on plasma CD26 levels in mice. Panel (a) shows the biomarker level as
a function of time after radiation (60Co γ-rays), with each line representing a different dose. Table 24 shows the
significance (p values, unpaired t test, highlighting p values < 0.01) for the change in the biomarker level for each
irradiation condition, relative to the 0 Gy controls. Panel (b) shows the results of a Combined Injury Study comparing
biomarker levels in mice receiving radiation alone (closed circles) vs. mice receiving radiation combined with a 15%
surface area puncture wound (open circles). Each point on both plots represents the average level from 8 replicate
animals.
Fig. 18(a)-(b) are scatter plots showing the predicted dose as a function of actual dose for the full mouse radiation
dose study sample set using a multi-parameter dose assessment algorithm. The different colors correspond to
different sampling times. The data are slightly dithered along the X-axis to make the points clearly visible. Points
on the solid lines exactly match the actual dose. Points within the dashed lines are within 1.5 Gy of the actual dose
(below 6 Gy) or within 25% of the actual dose (above 6 Gy). Panel (a) includes results using the optimal 5 biomarker
panel (Flt-3L, G-CSF, GM-CSF, EPO, IL12/23). Panel (b) includes results using a smaller LPS-insensitive panel
(Flt-3L, EPO).
Fig. 19(a)-(b) are ROC curves for distinguishing 6 Gy doses from non-irradiated controls (blue) and for distinguishing
6 Gy doses from 3 Gy doses. The ROC curves were generated by varying the value of the predicted dose used to
classify the samples. The histogram inset shows the distribution of the predicted doses for 6 Gy and non-irradiated
sample sets and demonstrates the separation of the two distributions. Panel (a) includes results using the optimal
5 biomarker panel (Flt-3L, G-CSF, GM-CSF, EPO, IL12/23). Panel (b) includes results using a smaller LPS-insensitive
panel (Flt-3L, EPO).
Fig. 20(a)-(b) show the dose classification accuracy for the mouse Biomarker Discovery data set using a multi-
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parameter algorithm. Two performance metrics are plotted as a function of the number of biomarkers used. Each
point represents the performance of a different combination of biomarkers; all possible combinations of the 12 most
radiation sensitive biomarkers are shown. In Panel (a), accuracy is displayed as the percent of samples correctly
classified by dose (within 1.5 Gy for doses ≤ 6 Gy and within 25% for doses > 6 Gy). In Panel (b), prediction error
is displayed as the RMS error in the dose prediction across all samples. Two high-performing biomarker combinations
were selected for each panel size: a panel that did not include injury sensitive markers (yellow data points) and a
panel that did include injury-sensitive markers (red data points). The performance metrics for these selected panels
are tabulated in Table 8.
Fig. 21 show the performance of the multi-parameter algorithm and the optimal 6-plex biomarker panel (CD27+Flt-
3L+GM-CSF+CD45+IL-12+TPO) for assessing radiation dose in the mouse model. All samples tested in this study
were blinded to the individuals conducting the study during testing and dose prediction analysis. The plot shows the
predicted dose as a function of actual dose for samples collected between 1 and 7 days after irradiation. The different
colors correspond to the time of sample collection. The data are slightly dithered along the X-axis to make the points
clearly visible. Points for which the predicted dose exactly matches the actual dose will fall on the solid line. Points
within the dashed lines meet our dose prediction accuracy criteria and are within 1.5 Gy of the actual dose (below
6 Gy) or within 25% of the actual dose (above 6 Gy). The inset shows the percentage of the predicted doses that
fall within our accuracy criteria and the root mean square error in the predicted doses across the data set.
Fig. 22 shows the performance of the multi-parameter algorithm and the optimal 6-plex biomarker panel (CD27+Flt-
3L+GM-CSF+CD45+IL-12+TPO) for classifying mouse sample by radiation dose. All samples tested in this study
were blinded to the individual conducting the study during testing and dose prediction analysis. The focus of the
analysis shown in this plot is the ability of the algorithm to correctly classify samples above or below the critical 2
Gy dose threshold in humans, which is roughly equivalent to 5 Gy in the mouse model. The plot shows ROC curves
for distinguishing doses ≥ 6 Gy from non-irradiated controls (blue) and for distinguishing doses ≥ 6 Gy from doses
≤ 3 Gy. The ROC curves were generated by varying the value of the predicted dose used to classify the samples.
The histogram inset shows the distribution of the predicted doses for samples receiving 0 Gy, 3 Gy or 6 Gy doses
and demonstrates the separation of these distributions. Classification performance at the optimal predicted dose
thresholds is provided in the table below the plot.
Fig. 23 shows the effect of 15% wound injury on the performance of the multi-parameter algorithm and the optimal
6-plex biomarker panel (CD27+Flt-3L+GM-CSF+CD45+IL-12+TPO) for assessing radiation dose in the mouse mod-
el. The sample set included samples from mice receiving 0 Gy or 6 Gy radiations (60Co γ-rays) with or without skin
wounding (15% surface area puncture wound). Samples were collected at different times up to 7 days after exposure.
There were an equal number of replicates for each dose/injury/time condition. The plot shows the predicted dose
as a function of actual dose for samples collected between 1 and 7 days after irradiation. The different colors
correspond to the time of sample collection. ’Injury’ data points are shown as triangles, ’No injury’ data points are
shown as circles. The data are slightly dithered along the X-axis to make the points clearly visible. Points for which
the predicted dose exactly matches the actual dose will fall on the solid line. Points within the dashed lines meet
our dose prediction accuracy criteria and are within 1.5 Gy of the actual dose (below 6 Gy) or within 25% of the
actual dose (above 6 Gy). The inset shows the percentage of the predicted doses that fall within our accuracy criteria
and the root mean square error in the predicted doses across the data set.
Fig. 24(a)-(z) show the effect of radiation on plasma biomarkers (Flt-3L, CD20, CD27, TPO, CD177, IL-12, SAA,
EPO, G-CSF, salivary amylase (AMY), CRP, TIMP-1 and TNF-RII, respectively) in Rhesus macaque. Plots show
levels as a function of the time after radiation. Panels shown on the left reflect the results using samples exposed
to 60Co γ-rays and panels shown on the right reflect the results using samples exposed to 3 MV LINAC photons.
Each point in the plots represents 5 to 6 animals for the 60Co γ-rays samples, 3 to 4 animals for the 3 MV LINAC
samples up to the 9 day time point and 2 animals for the time points > 9 days. Graphs are linear, with the exception
of Fig. 25(b) and (d) which is logarithmic.
Fig. 24(aa)-(dd) show the analysis of CD20, CD177, neutrophils, and lymphocytes in irradiated NHP samples,
demonstrating the potential of the biomarkers as surrogates radiation-responsive biomarkers in lieu of blood cell
counting. Each graph shows the time course effects of radiation on the biomarker or biomarker ratio in NHPs (n=6
for each dose and time cohort).
Fig. 25(a)-(b) show the performance of the multi-parameter algorithm for classifying NHP samples from sample set
(A) by radiation dose. The data set was used to train and test the algorithm using a random sub-sampling approach
to avoid training bias. The focus of the analysis shown in this plot is the ability of the algorithm to correctly classify
samples above or below the critical 2 Gy dose threshold in humans, which is roughly equivalent to 3 Gy in the NHP
model. Panel A shows ROC curves for distinguishing doses ≥ 3.5 Gy from non-irradiated controls (blue) and for
distinguishing doses ≥ 3.5 Gy from doses ≤ 1 Gy. The ROC curves were generated by varying the value of the
predicted dose used to classify the samples. The histogram inset shows the distribution of the predicted doses for
samples receiving 0 Gy, 1 Gy or 3.5 Gy doses and demonstrates the separation of these distributions. Classification
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performance at the optimal predicted dose thresholds is provided in the table below the plot. Panel B shows predicted
doses for the NHP samples plotted as a function of actual dose.
Fig. 26 shows a comparison of biomarker levels in plasma from the normal human population and from individuals
having high-prevalence chronic diseases. The data for each group - normal, asthma, high blood pressure (HBP)
and rheumatoid arthritis (RA) - are shown in box and whisker format providing the median value (center of the box),
the lower and upper quartiles (top and bottom of the box) and 1.5 interquartile ranges (whiskers). Outliers are shown
as black points directly above or below the box and whiskers. Concentrations are provided in pg/mL except for SAA
and CRP which are in ng/mL.
Fig. 27(a)-(b) shows the results of an effort to model the increased baseline variation in normal humans relative to
non-irradiated mice. Random noise was added to the biomarker levels from the non-irradiated mice in the Biomarker
Discovery data set so that the observed standard deviations of the data (in log space) matched the observed standard
deviation for the analogous markers in the study of normal human levels for the analogous markers measured in
the study of normal human levels. Panel A is a histogram comparing the distribution in the baseline levels of one of
the biomarkers (Flt-3L), before and after the addition of noise. A table of the observed standard deviations in mice
and humans and the standard deviation after noise injection is shown below the plot) Panel B is a scatter plot
showing the predicted doses for the 0 Gy samples from the Blinded Study before and after addition of noise. For
comparison, the predicted doses for the 6 Gy samples are also shown (with no added noise) as is the optimal
threshold selected with the original data for classifying samples as 0 Gy or ≥ 6 Gy (see Figure 27). The addition of
noise did not result in any additional misclassifications and the classification specificity remained at 100%.
Fig. 28 shows the biomarker levels in plasma from melanoma patients receiving lymphocyte depleting chemotherapy
in preparation for cell-transfer therapy. The study had two arms: one set of patients also received TBI 3 days after
receiving chemotherapy and the other arm received chemotherapy without TBI. The plot compares biomarker levels
in samples from the non-TBI patients (Mela-Cntrl-0Gy), sample collected from the TBI patients prior to the radiation
treatment (Mela-TBI-0Gy) and samples collected from the TBI patients 5 to 6 hours after receiving a single 2 Gy
fraction (Mela-TBI-2Gy). Biomarker levels from 40 normal blood donors (see Figure 27) are also provided for com-
parison. Concentrations are provided in pg/mL except for SAA and CRP which are in ng/mL. The levels of AMY1A
(salivary amylase) and p53 in the patients receiving the 2 Gy fraction showed significant elevation (p < 0.05) relative
to levels prior to exposure or levels in the non-TBI control arm of the study.
Fig. 29(a)-(b) show the biomarker levels in plasma from lung cancer patients (top) and GI cancer patients (bottom)
receiving localized radiation therapy (2 Gy fractions, 5 fractions per week, 6 weeks). The plot shows biomarker
levels prior to radiotherapy and after cumulative doses of 30 Gy and 60 Gy (lung) or 54 Gy (GI). Biomarker levels
from 40 normal blood donors (see Figure 27) are also provided for comparison. Concentrations are provided in
pg/mL except for SAA and CRP which are in ng/mL.
Fig. 30(a)-(e) show the results of Confounding Effect mouse study for plasma levels of Flt-3L, SAA, G-CSF, GM-
CSF and IL-6. The Y-axis is scaled to make the radiation response visible. In some case the LPS response is off-
scale. The maximal responses for the different conditions can be viewed in a log scale in the figure. Results for the
0 and 6 Gy conductions from the Radiation Dose Study are plotted side by side for comparison.
Fig. 31 (a)-(e) show the results of Confounding Effect mouse study for plasma levels of TPO, EPO, IL-12/23, IL-5
and IL-10. The Y-axis is scaled to make the radiation response visible. In some case the LPS response is off-scale.
The maximal responses for the different conditions can be viewed in a log scale in figure. Results for the 0 and 6
Gy conductions from the Radiation Dose Study are plotted side by side for comparison.
Fig. 32(a)-(d) show the results of Confounding Effect mouse study for plasma levels of KC/GRO and TNFα and
blood cell pellet levels of p53 and γH2AX. The Y-axis is scaled to make the radiation response visible. In some case
the LPS response is off-scale. The maximal responses for the different conditions can be viewed in a log scale in
the figure. Results for the 0 and 6 Gy conductions from the Radiation Dose Study are plotted side by side for
comparison.
Fig. 33 provides an overview of the Confounding Effect study. For each assay, the bar graph presents the average
concentration for the control mice and the average concentration at the conditions that produced the maximal
response to G-CSF and LPS over all conditions tested in both the Radiation Dose and Confounding Effect Studies.
The signals for each assay are normalized to the maximal radiation response, which is set at 100%.
Fig. 34(a)-(d) show the results of testing of archived plasma samples from irradiated NHPs for Flt-3L, EPO, CRP
and SAA. SAA was measured using a commercial ELISA kit. Each point represents the average value for three
different animals.
Fig. 35(a)-(d) show the results of testing of archived plasma samples from irradiated NHPs for IL-6, BPI, TPO and
p53. Each point represents the average value for three different animals.
Fig. 36(a)-(b) show results of testing of archived plasma samples from irradiated NHPs for the lymphocyte cell
surface marker CD20 and the neutrophil cell surface marker CD177. The biomarker concentrations for the two tested
doses (1.0 and 3.5 Gy) are shown as closed circles with the y-axis scale provided on the left side of the plots. For
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comparison, lymphocyte and neutrophil cell counts measured on the same animals at the same times are also
shown as open circles, with the y-axis scale provided on the right side of the plots. Each point represents the average
value for three different animals.
Fig. 37 shows the results from a panel of 6 plasma markers (Flt-3L, EPO, p53, CD20, CD177 and SAA) which
provides good discrimination of animals receiving greater than 3.5 Gy (equivalent to ∼2 Gy in humans) from those
receiving less than 3.5 Gy and also provided high accuracy for semi-quantitative dose prediction.
Figs. 38(a)-(b) show the use of the statistical methods described herein to generate a severity value or a radiation
dose, respectively, from a patient sample by analyzing one or more biomarkers in the same and correlating the
level(s) of those biomarkers with an injury severity value or a radiation dose, respectively. Fig. 38(c) illustrates one
non-limiting example of a system used to analyze a sample using the statistical methods described herein, wherein
the system includes a processor and an algorithm module.

Detailed Description of the Invention

[0019] Unless otherwise defined herein, scientific and technical terms used herein shall have the meanings that are
commonly understood by those of ordinary skill in the art. Further, unless otherwise required by context, singular terms
shall include pluralities and plural terms shall include the singular. The articles "a" and "an" are used herein to refer to
one or to more than one (i.e., to at least one) of the grammatical object of the article. By way of example, "an element"
means one element or more than one element.
[0020] Described are a multiplexed biodosimetry assay kit and methods that can be used to assess an absorbed dose
of ionizing radiation in a patient sample. The described methods and kits can be used to assess the likelihood or risk of
developing acute radiation syndrome (ARS) and/or to assess the clinical severity of ARS in a patient. Depending on the
type of radiation exposure, the methods and kits of the present invention may be used to assess radiation dose in any
suitable unit of measurement. For example, an absorbed dose of ionizing radiation following external exposure can be
measured in a variety of suitable units of measurement, including but not limited to Gray (or rad), and sievert (or rem);
a dose of radiation after internal contamination is measured as Committed Effective Dose Equivalent (CEDE); and a
dose associated with external and internal exposure is measured as Total Effective Dose Equivalent (TEDE).
[0021] Assay panel(s) employed in certain embodiments of the instant invention include a plurality of radiation biomar-
kers used to assess radiation exposure. A radiation biomarker can be any substance that acts as an indicator of the
exposure of an organism to radiation, including but not limited to, proteins, nucleic acids, carbohydrates and metabolites.
In one embodiment, the biomarkers included in the panel are all proteins.
[0022] Suitable assay panels comprise at least one radiation biomarker from at least 1, 2, 3, 4 or 5 of the following
biomarker classes: DNA-damage biomarkers, inflammatory-response biomarkers, tissue-damage biomarkers, tissue-
damage repair biomarkers, and hematology-surrogate biomarkers. As used herein, a DNA-damage biomarker is a
radiation biomarker associated with the host response to radiation induced DNA damage. An inflammatory-response
biomarker is a radiation biomarker that is up- or down-regulated during a systemic or localized inflammatory response
caused by radiation exposure. A tissue-damage biomarker is a radiation biomarker that is released from a tissue as a
result of local tissue damage caused by radiation, whereas a tissue-damage repair biomarker is a protein that is up- or
down-regulated during a repair, regeneration, or fibroblastic phase following tissue damage. Tissue-damage repair
biomarkers may also include proteins associated with soft-tissue repair processes, including but not limited to fibroblast
formation, collagen synthesis, tissue remodeling, and realignment. Finally, hematology-surrogate biomarkers are cell-
surface markers for blood cells, which may be used as surrogates to traditional blood cell counts, for assessing the effect
of radiation on specific blood-cell populations. Useful hematology surrogate markers include markers found on general
classes of cells (e.g., leukocytes) or more specific cell types within those classes such as lymphocytes, neutrophils and
platelets or, even more specifically, T-cells or B-cells.
[0023] There may be some overlap between the biomarker categories described above. For example, some inflam-
matory response biomarkers may also be associated with tissue-damage repair. In one embodiment, the radiation
biomarker panel includes at least one inflammatory-response biomarker and at least one tissue-damage repair biomarker.
In an alternate embodiment, the panel includes a biomarker that is both an inflammatory response biomarker and a
tissue-damage repair biomarker.
[0024] A non-limiting list of biomarkers that can be used in the instant invention is provided in Table 1 below.
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[0025] In a preferred embodiment, the assay panel used in the present invention is configured to measure a level of
a plurality of biomarkers in a sample, wherein the plurality of biomarkers includes one or more of Flt-3L, G-CSF, GM-
CSF, EPO, CD27, CD45, SAA, CD26, IL-12, TPO, and combinations thereof, and/or an additional biomarker comprising
a DNA-damage biomarker, an inflammatory-response biomarker, a tissue-damage biomarker, a tissue-damage repair
biomarker, a hematology-surrogate biomarker, and combinations thereof. In a specific embodiment, the panel includes
Flt-3L, GM-CSF, SAA, TPO, CD27, CD45, CD26, IL-12, and combinations thereof. In one embodiment, the IL-12 assay
is specific for the IL-12 p40 subunit in the IL-12 p70 heterodimer and may also cross-react with IL-23 (which also
comprises the p40 subunit). In another embodiment, the IL-12 assay is specific for the full IL-12 p70 heterodimer.
[0026] The selected biomarkers for assessing exposure to radiation are, preferably, not significantly affected by chronic
diseases with high prevalence in the human population, such as diabetes, asthma, high blood pressure, heart disease,
arthritis and/or other chronic inflammatory or autoimmune diseases. The selected biomarkers for assessing exposure
to radiation are, preferably, also not affected by other types of trauma (e.g., wounding, burns and/or mental stress) that
may also be experienced by individuals in a radiation event. In one embodiment, the biomarker response associated
with total body radiation exposure (for example, at 2, 6, 10 or 12 Gy) is less than the biomarker response associated
with the biomarker response associated with wound, burn and/or mental trauma. Such comparison, may be determined
through the use of a combined injury animal model. We note that biomarkers that have a significant confounding effect
from confounding diseases or trauma may still be selected and have value in a dose assessment algorithm. In one
embodiment, biomarkers that may be affected by such confounding effects are included, and information about the
presence or absence of such confounding conditions is included in the algorithm for dose assessment. For example, if
a potentially confounding condition is identified in a patient (such as a confounding disease or trauma) approaches that
may be taken to minimize the effect of the confounding condition on the accuracy of a dose assessment algorithm
include: i) excluding the patient from analysis using the algorithm; ii) applying the algorithm, but using a redacted biomarker
panel that excludes or applies less weight to biomarkers that are likely to be affected by the confounding condition or

Table 1

Biomarker Class Exemplary Biomarkers

DNA-damage biomarker p53 ATM
p21 phosphorylated H2AX histone (γ-H2AX)

GADD45a

Inflammatory-response biomarker IL-6 IFN

CRP IL-2
SAA IL-4
IL-1 TNF-alpha
IL-5 IL-12
IL-10 IL-3
IL 12/23 IL-7

KC/GRO

Tissue-damage biomarker salivary alpha-amylase CKBB

citrullinated proteins CKMB
S100B CKMM
SP-D FABP2
BPI GFAP

TSP NSE
CA15-3

Tissue-damage repair biomarker Flt-3L TPO
G-CSF GM-CSF
KFG SDF-1a

EPO

Hematology-surrogate biomarker CD5 CD26

CD-16b CD27
CD20 CD40
CD177 CD45
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iii) applying a different algorithm employing a biomarker panel that has been selected to be robust to the confounding
condition.
[0027] The kits of the present invention can further include devices, reagents, and/or consumables for measuring
hematological parameters, such as peripheral blood cell counts, or for measuring "Acute Phase Reaction" (APR) bi-
omarkers. Such assay components can be modifications of commercially available products for assessing blood cell
counts and APR biomarkers, such as the Quikread CRP finger-prick device (Orion Diagnostica, Finland) which measures
the level of C-reactive protein.
[0028] In a preferred embodiment, the invention includes assays for cell-surface markers for lymphocytes and neu-
trophils which are useful as surrogates for lymphocyte and neutrophil counts. The invention provides a method of
conducting a multiplexed hematology-surrogate biomarker assay and kits therefor, including a kit configured to measure
a level of a plurality of biomarkers in a sample, including lymphocyte cell-surface markers and/or neutrophil cell-surface
markers. In one embodiment, the lymphocyte-surface marker comprises CD5, CD20, CD26, CD27, CD40, or combina-
tions thereof. Additionally, the neutrophil cell-surface marker includes CD16b, CD177, or combinations thereof. The
hematology-surrogate biomarker assay methods of the present invention can be conducted on a sample comprising
whole blood, blood cell pellets, serum, and/or plasma. In one embodiment, the measurements are carried out in samples
prepared by reconstituting dried blood spots. In another embodiment, such measurements are carried out using serum
and/or plasma samples. In a preferred embodiment, measurements are carried out using plasma samples. Surprisingly,
we have discovered that the free (i.e., non-cell bound) forms of neutrophil and lymphocyte surface markers can be
measured in plasma and the levels of these markers in plasma after radiation exposure provide useful diagnostic infor-
mation for assessment of the effects of radiation on neutrophils and lymphocytes.
[0029] One of average skill in the art of biological assays will be aware of numerous suitable approaches and instru-
mentation for measuring the biomarkers and biomarker panels of the invention. In one embodiment, the kit is configured
to measure biomarker levels using an immunoassay. In a preferred embodiment, the kit includes a multi-well assay plate
comprising a plurality of assay wells configured to measure the level of said plurality of biomarkers in one or more
samples. Preferably, the wells are configured to enable the use of individual wells to conduct multiplexed measurements
of a plurality of different biomarkers. In one such assay plate, a well of the assay plate includes a plurality of assay
domains, at least two of the assay domains comprising reagents for measuring different biomarkers. In an alternative
preferred embodiment, the kit includes an assay cartridge to measure biomarkers in a sample. Preferably, the cartridge
comprises a flow cell having an inlet, an outlet and a detection chamber, said inlet, detecting chamber, and outlet defining
a flow path through said flow cell, said detection chamber configured to measure said level of said plurality of biomarkers
in said sample. Kits used in the present method can further include one or more additional assay reagents used in an
assay and those additional reagents can be provided in one or more vials, containers, or compartments of a kit. Moreover,
a kit for assessing exposure to radiation can also include (a) a bar-coded patient identification tag; (b) a dried blood spot
collection card comprising a bar code that for example, can be used to facilitate sample identification; (c) a sample
transport bag comprising desiccant; (d) a capillary with a plunger; and/or (e) a lancet.
[0030] The samples that can be analyzed in the kits and methods of the invention include but are not limited to, any
biological fluid, cell, tissue, organ and combinations or portions thereof, which includes or potentially includes a biomarker
of a disease, disorder, or abnormality of interest. For example, a sample can be a histologic section of a specimen
obtained by biopsy, or cells that are placed in or adapted to tissue culture. A sample further can be a subcellular fraction
or extract, or a crude or substantially pure nucleic acid molecule or protein preparation. In one embodiment, the samples
that are analyzed in the assays of the present invention are blood or blood fractions such as, blood pellet, serum, or
plasma. Other suitable samples include biopsy tissue, intestinal mucosa, urine, parotid gland, hematological tissues,
intestine, liver, pancreas, or nervous system. The sample can be taken from any patient, including but not limited to
animals, mammals, primates, non-human primates, humans, and the like. In one embodiment, the level is measured
using an immunoassay. The radiation biomarker panels disclosed herein may be used at the onset and throughout the
course of the acute radiation syndrome to assess and monitor patient health. In a preferred embodiment, a sample is
collected from a patient within about 1 to 7 days of radiation exposure.
[0031] As used herein, a "biomarker" is a substance that is associated with a particular biological state, which can be
a disease or abnormal condition. A change in the levels of a biomarker can correlate with the risk or progression of a
disease or abnormality or with the susceptibility of the disease or abnormality to a given treatment. A biomarker can be
useful in the diagnosis of disease risk or the presence of disease in an individual, or to tailor treatments for the disease
in an individual (choices of drug treatment or administration regimes). In evaluating potential drug therapies, a biomarker
can be used as a surrogate for a natural endpoint such as survival or irreversible morbidity. If a treatment alters a
biomarker that has a direct connection to improved health, the biomarker serves as a "surrogate endpoint" for evaluating
clinical benefit.
[0032] As used herein, the term "level" refers to the amount, concentration, or activity of a biomarker. The term "level"
can also refer to the rate of change of the amount, concentration or activity of a biomarker. A level can be represented,
for example, by the amount or synthesis rate of messenger RNA (mRNA) encoded by a gene, the amount or synthesis
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rate of polypeptide corresponding to a given amino acid sequence encoded by a gene, or the amount or synthesis rate
of a biochemical form of a biomarker accumulated in a cell, including, for example, the amount of particular post-synthetic
modifications of a biomarker such as a polypeptide, nucleic acid or small molecule. The term can be used to refer to an
absolute amount of a biomarker in a sample or to a relative amount of the biomarker, including amount or concentration
determined under steady-state or non-steady-state conditions. Level can also refer to an assay signal that correlates
with the amount, concentration, activity or rate of change of a biomarker. The level of a biomarker can be determined
relative to a control marker in a sample.
[0033] Specific biomarkers valuable in distinguishing between normal and diseased/exposed patients can be identified
by visual inspection of the data, for example, by visual classification of data plotted on a one-dimensional or multidimen-
sional graph, or by using statistical methods such as characterizing the statistically weighted difference between control
individuals and diseased patients and/or by using Receiver Operating Characteristic (ROC) curve analysis. A variety of
suitable methods for identifying useful biomarkers and setting detection thresholds/algorithms are known in the art and
will be apparent to the skilled artisan.
[0034] For example and without limitation, diagnostically valuable biomarkers can be first identified using a statistically
weighted difference between control individuals and exposed or abnormal patients, calculated as 

wherein D is the median level of a biomarker in patients diagnosed as having been exposed to radiation, N is the median
(or average) of the control individuals, δD is the standard deviation of D and σN is the standard deviation of N. The larger
the magnitude, the greater the statistical difference between the diseased and normal populations.
[0035] According to one embodiment of the invention, biomarkers resulting in a statistically weighted difference between
control individuals and diseased/exposed patients of greater than, e.g., 1, 1.5, 2, 2.5 or 3 could be identified as diag-
nostically valuable markers.
[0036] Another method of statistical analysis for identifying biomarkers is the use of z-scores, e.g., as described in
Skates et al. (2007) Cancer Epidemiol. Biomarkers Prev. 16(2):334-341.
[0037] Another method of statistical analysis that can be useful in the inventive methods of the invention for determining
the efficacy of particular candidate analytes, such as particular biomarkers, for acting as diagnostic marker(s) is ROC
curve analysis. An ROC curve is a graphical approach to looking at the effect of a cut-off criterion, e.g., a cut-off value
for a diagnostic indicator such as an assay signal or the level of an analyte in a sample, on the ability of a diagnostic to
correctly identify positive or negative samples or subjects. One axis of the ROC curve is the true positive rate (TPR, i.e.,
the probability that a true positive sample/subject will be correctly identified as positive, or alternatively, the false negative
rate (FNR = 1-TPR, the probability that a true positive sample/subject will be incorrectly identified as a negative). The
other axis is the true negative rate, i.e., TNR, the probability that a true negative sample will be correctly identified as a
negative, or alternatively, the false positive rate (FPR = 1-TNR, the probability that a true negative sample will be
incorrectly identified as positive). The ROC curve is generated using assay results for a population of samples/subjects
by varying the diagnostic cut-off value used to identify samples/subjects as positive or negative and plotting calculated
values of TPR or FNR and TNR or FPR for each cut-off value. The area under the ROC curve (referred to herein as the
AUC) is one indication of the ability of the diagnostic to separate positive and negative samples/subjects. In one em-
bodiment, a biomarker provides an AUC ≥ 0.7. In another embodiment, a biomarker provides an AUC ≥ 0.8. In another
embodiment, a biomarker provides an AUC ≥ 0.9.
[0038] Diagnostic indicators analyzed by ROC curve analysis can be a level of an analyte, e.g., a biomarker, or an
assay signal. Alternatively, the diagnostic indicator can be a function of multiple measured values, for example, a function
of the level/assay signal of a plurality of analytes, e.g., a plurality of biomarkers, or a function that combines the level or
assay signal of one or more analytes with a patient’s scoring value that is determined based on visual, radiological and/or
histological evaluation of a patient. The multi-parameter analysis can provide more accurate diagnosis relative to analysis
of a single marker.
[0039] Candidates for a multi-analyte panel could be selected by using criteria such as individual analyte ROC areas,
median difference between groups normalized by geometric interquartile range (IQR) etc. The objective is to partition
the analyte space to improve separation between groups (for example, normal and disease populations) or to minimize
the misclassification rate.
[0040] One approach is to define a panel response as a weighted combination of the response for the individual
analytes and then compute an objective function like ROC area, product of sensitivity and specificity, etc. See e.g., WO
2004/058055, as well as US2006/0205012. The weighting coefficients define the partitioning object; for linear combina-
tions the object is a line in 2 dimensions, a plane in 3 dimensions and a hyperplane in higher dimensions. The optimal
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coefficients maximize the objective function and can be determined using algorithms for finding function extrema in
multiple dimensions, e.g., gradient descent methods, downhill simplex methods, simulated annealing and the like; more
details can be found in "Numerical Recipes in C, The Art of Scientific Computing", W. Press et al., Cambridge University
Press, 1992.
[0041] Another approach is to use discriminant analysis, where a multivariate probability distribution (normal, multi-
nomial etc.) is used to describe each group. Several distributions result in partitioning hyperplanes in analyte space.
One advantage of this approach is the ability to classify measurements into multiple groups (e.g. normal, disease 1,
disease 2) simultaneously, rather than two at a time. For further details, see "Principles of Multivariate Analysis, A User’s
Perspective", W. J. Krzanowski, Oxford University Press, 2000 and "Multivariate Observations", G. A. F. Seber, John
Wiley, 2004.
[0042] Once the partitioning hyperplanes have been determined, the robustness of different assay panels can be
compared by evaluating a distance metric to the separating hyperplanes for each group. It is noteworthy that the algorithms
described above are designed to find the best classification between groups; therefore these algorithms can also be
used to distinguish between different diseases or populations or subgroups of the same disease or population. Finally,
categorical data (age, gender, race, ethnicity, etc.) can also be coded into different levels and used as an optimizing
variable in this process.
[0043] In one embodiment, the invention provides a radiation dose-calculation algorithm that includes (a) measuring
the levels of a plurality of radiation biomarkers in a patient sample; (b) fitting said measured levels to response surface
models for the response of said biomarkers as a function of radiation dose and sample time; (c) computing a cost function
for combining the plurality of biomarkers; (d) selecting a calculated radiation dose and calculated sample time that
minimizes the cost function; and optionally, (e) comparing said calculated radiation dose to a threshold value to classify
individuals according to dose received (for example, to distinguish exposed from non-exposed individuals or to identify
patients who would benefit from a treatment option.
[0044] Sample time, as used herein, refers to the time between the radiation exposure event and the time at which
the sample was collected. In applications where the sample time is known or is expected to be known, for example when
the exposure occurred in a defined time frame, the actual sample time can be provided to the algorithm. In these cases,
only the calculated radiation dose needs to be selected in step (d) above.
[0045] In a preferred embodiment, 2-parameter response functions are determined, i.e., Mi (dose, time), where Mi is
the expected level of marker i as a function of dose and sample time. Alternatively, Mi may also represent the expected
level of a derived value i derived from the level of one or more biomarkers, such as the reciprocal of a marker level, the
log of a marker level, the ratio or product of the levels of two markers, etc. Preferably, the response functions are
established based on pre-existing data from human, animal or in vitro studies.
[0046] Based on these established response functions, one can determine the radiation exposure dose (and, optionally
the sample time, if the dose is known but the sample time is not known) that provides the best overall fit of the different
markers (or derived values) to their respective response functions. One general form of a cost function (F) that can be
minimized to find the best fit is provided by the equation below. Ei is a function that provides a value associated with the
discrepancy between the measured level of a biomarker (or derived value) i (mi) and the expected level of the biomarker
(or derived value) predicted by the response surface for a given dose-time condition (Mi(dose,time)). Wi is a weighting
function that may be dose-dependent and/or time-dependent for each marker i. The weighting function may be used to
vary the importance given to certain markers in certain dose and time ranges. In one embodiment, the weighting is
determined based on the statistical significance of the measurement at that dose and time point. A number of different
weighting functions can be used, e.g., the inverse of the coefficient of variation (CV) of the biomarker level at that dose
and time. Optionally, the weighting function may be omitted. 

[0047] Examples of possible methods for calculating Ei include calculating the difference, the absolute value of the
difference or the square of the difference of mi and Mi. In one embodiment, the values of mi and Mi are normalized to
avoid overemphasizing the more abundant biomarkers by, for example, dividing them by the minimum, maximum, median
or average value for normal samples or for all expected samples. One specific example of a preferred cost function with
a normalization factor is provided below, which corresponds to a "least squares fit" with each term normalized to the
product of the measured value and fit value, and scaled by a weighting function. 
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[0048] The cost function may also transform the values of Mi and mi. In the preferred cost function described below,
log values are used to minimize an over-emphasis on biomarkers with the largest fold-changes and also to minimize
bias for biomarkers with higher abundances. 

[0049] The measured and fit values for the biomarker levels may also be added linearly or in quadrature to the limit
of detection (LOD) or lower limit of quantitation to minimize the effect on the cost function of changes in levels near to
the detection limit as in the function below. 

wherein mi is the measured value for biomarker i, Mi is the predicted biomarker value as a function of dose at a known
time post-exposure, LODi is the assay Limit of Detection for biomarker i, and n is the total number of biomarkers being used.
[0050] The algorithm described above for assessing radiation dose can also be applied more generally to disease
conditions that can be assessed in the clinical setting using a severity index, i.e., a classification scale used by clinicians
to characterize the stage of a disease or disorder. A variety of conditions are assessed using severity indices, e.g.,
comprising traumatic brain injury, stroke, embolism, liver disease, kidney disease, heart disease, inflammatory bowel
disease, Alzheimer’s disease, dementia, thyroid disease, rheumatoid arthritis, multiple sclerosis, psoriasis, systemic
lupus erythematosus, Hashimoto’s thyroiditis, Pernicious anemia, Addison’s disease, Type I diabetes, dermatomyositis,
Sjogren syndrome, myasthenia gravis, reactive arthritis, Grave’s disease, Celiac disease, or cancer.
[0051] In this regard, the algorithm described above can be used as an injury severity value calculation algorithm that
includes (a) measuring a level of a plurality of biomarkers in a patient sample, wherein one or more biomarkers of the
plurality of biomarkers are altered relative to a normal control in the event of to injury in a patient; (b) fitting the measured
level to a response surface model as a function of an injury severity index or time; (c) computing a cost function for
combining the plurality of biomarkers; (d) identifying an injury severity value that minimizes the cost function at a known
time interval; and optionally, (e) comparing the injury severity value to a threshold value, wherein an injury severity value
above the threshold value indicates the relative severity of the injury. This is illustrated in Fig. 38(a), in which a user
(3801) measures a plurality of biomarkers in a patient sample (3802) using an assay system (3803) (including a processor
(3804) and an algorithm module (3805), as illustrated in Fig. 38(c)). The processor and algorithm module of the assay
system fits the measured biomarker levels (3806) to a response surface model (3807), computes a cost function (3808),
and identifies a severity index (3809). Likewise, the use of the statistical methods to analyze a radiation dose in a sample
is illustrated in Fig. 38(b) in which a radiation dose (3810) is generated using the statistical method.
[0052] In this embodiment, the cost function is 

wherein mi is the measured value for biomarker i, Mi is the predicted biomarker value as a function of a severity index
(SI) at a known time post-injury, LODi is the assay limit of detection for biomarker i, or n is the total number of biomarkers
being used. Preferably, the cost function is: 
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wherein mi is the measured value for biomarker i, Mi is the predicted biomarker value as a function of a severity index
(SI) at a known time post-injury, or n is the total number of biomarkers being used.
[0053] Other statistical methods can be used to conduct multivariate analyses of biomarker levels. For example, a
neural net approach can be used (see e.g., Musavi, et al., Neural Networks (1992) (5): 595-603; Wang, et al., Artif. Intell.
Med. (2010) 48 (2-3): 119-127; Lancashire, L. et al., Computational Intelligence in Bioinformatics and Computational
Biology (2005): pp. 1- 6, 14-15). Neural networks are a wide class of flexible models used for simulating nonlinear
systems. They consist of an often large number of "neurons," i.e. simple linear or nonlinear computing elements, inter-
connected in often complex ways and often organized into layers. Other modeling approaches include but are not limited
to linear models, support vector machines and discriminant analysis (Lancashire et al., "Utilizing Artificial Neural Networks
to Elucidate Serum Biomarker Patterns Which Discriminate Between Clinical Stages in Melanoma," Proceedings of the
2005 IEEE Symposium on Computational Intelligence in Bioinformatics and Computational Biology, Nov. 14-15, 2005,
pp. 1-6; Wang et al., "Method of regulatory network that can explore protein regulations for disease classification," Artif
Intell Med., 48 (2-3) (2010), pp. 119-127).
[0054] Therefore, the methods of the present invention can be used to assess an absorbed dose of ionizing radiation
in a patient sample by measuring levels of a plurality of biomarkers in a sample and applying an algorithm to assess the
absorbed dose in the sample based on the levels of the plurality of biomarker in the samples, wherein the plurality of
biomarkers comprise a DNA-damage biomarker, an inflammatory-response biomarker, a tissue-damage biomarker, a
tissue-damage repair biomarker, or a hematology-surrogate biomarker. In a preferred embodiment, the algorithm quan-
tifies an absorbed dose of ionizing radiation in the range of about 1-10 Gy, preferably between about 1-6 Gy, more
preferably between about 2-6 Gy, or between about 6-10 Gy.
[0055] All or one or more parts of the algorithm(s) and statistical method(s) disclosed herein can be performed by or
executed on a processor, general purpose or special purpose or other such machines, integrated circuits or by any
combination thereof. Moreover, the software instructions for performing the algorithm(s) and statistical methods(s) dis-
closed herein may also be stored in whole or in part on a computer-readable medium, i.e., a storage device for use by
a computer, processor, general or special purpose or other such machines, integrated circuits or by any combination
thereof. A non-limiting list of suitable storage devices includes but is not limited to a computer hard drive, compact disk,
transitory propagating signals, a network, or a portable media device to be read by an appropriate drive or via an
appropriate connection.
[0056] In addition to biomarker measurements, biodosimetry assessment can benefit from additional inputs, such as
information regarding clinical symptoms. For example, the Biodosimetry Assessment Tool (BAT) is a software application
that equips healthcare providers with diagnostic information (clinical signs and symptoms, physical dosimetry, etc.)
relevant to the management of human radiation casualties. Designed primarily for prompt use after a radiation incident,
the software application facilitates the collection, integration, and archival of data obtained from exposed persons. Data
collected in templates are compared with established radiation dose responses, obtained from the literature, to provide
multi-parameter dose assessments. The program archives clinical information (extent of radioactive contamination,
wounds, infection, etc.) useful for casualty management, displays relevant diagnostic information in a concise format,
and can be used to manage both military and civilian radiation accidents.
[0057] Biomarker levels can be measured using any of a number of techniques available to the person of ordinary
skill in the art, e.g., direct physical measurements (e.g., mass spectrometry) or binding assays (e.g., immunoassays,
agglutination assays and immunochromatographic assays). Biomarkers identified herein can be measured by any suit-
able immunoassay method, including but not limited to, ELISA, microsphere-based immunoassay methods, lateral flow
test strips, antibody based dot blots or western blots. The method can also comprise measuring a signal that results
from a chemical reactions, e.g., a change in optical absorbance, a change in fluorescence, the generation of chemilu-
minescence or electrochemiluminescence, a change in reflectivity, refractive index or light scattering, the accumulation
or release of detectable labels from the surface, the oxidation or reduction or redox species, an electrical current or
potential, changes in magnetic fields, etc. Suitable detection techniques can detect binding events by measuring the
participation of labeled binding reagents through the measurement of the labels via their photoluminescence (e.g., via
measurement of fluorescence, time-resolved fluorescence, evanescent wave fluorescence, up-converting phosphors,
multi-photon fluorescence, etc.), chemiluminescence, electrochemiluminescence, light scattering, optical absorbance,
radioactivity, magnetic fields, enzymatic activity (e.g., by measuring enzyme activity through enzymatic reactions that
cause changes in optical absorbance or fluorescence or cause the emission of chemiluminescence). Alternatively,
detection techniques can be used that do not require the use of labels, e.g., techniques based on measuring mass (e.g.,
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surface acoustic wave measurements), refractive index (e.g., surface plasmon resonance measurements), or the inherent
luminescence of an analyte.
[0058] Binding assays for measuring biomarker levels can use solid phase or homogenous formats. Suitable assay
methods include sandwich or competitive binding assays. Examples of sandwich immunoassays are described in U.S.
Patent No. 4,168,146 and U.S. Patent No. 4,366,241. Examples of competitive immunoassays include those disclosed
in U.S. Patent No. 4,235,601, U.S. Patent No. 4,442,204 and U.S. Patent No. 5,208,535.
[0059] Multiple biomarkers can be measured using a multiplexed assay format, e.g., multiplexing through the use of
binding reagent arrays, multiplexing using spectral discrimination of labels, multiplexing of flow cytometric analysis of
binding assays carried out on particles, e.g., using the Luminex® system. Suitable multiplexing methods include array
based binding assays using patterned arrays of immobilized antibodies directed against the biomarkers of interest.
Various approaches for conducting multiplexed assays have been described (See e.g., US 20040022677; US
20050052646; US 20030207290; US 20030113713; US 20050142033; and US 20040189311. One approach to multi-
plexing binding assays involves the use of patterned arrays of binding reagents, e.g., U.S. Patent No. 5,807,522 and
6,110,426; Delehanty J-B., Printing functional protein microarrays using piezoelectric capillaries, Methods Mol. Bio.
(2004) 278: 135-44; Lue R Y et al., Site-specific immobilization of biotinylated proteins for protein microarray analysis,
Methods Mol. Biol. (2004) 278: 85-100; Lovett, Toxicogenomics: Toxicologists Brace for Genomics Revolution, Science
(2000) 289: 536-537; Berns A, Cancer: Gene expression in diagnosis, nature (2000),403,491-92; Walt, Molecular Biology:
Bead-based Fiber-Optic Arrays, Science (2000) 287: 451-52 for more details). Another approach involves the use of
binding reagents coated on beads that can be individually identified and interrogated.. See e.g., WO 9926067, which
describes the use of magnetic particles that vary in size to assay multiple analytes; particles belonging to different distinct
size ranges are used to assay different analytes. The particles are designed to be distinguished and individually inter-
rogated by flow cytometry. Vignali has described a multiplex binding assay in which 64 different bead sets of microparticles
are employed, each having a uniform and distinct proportion of two dyes (Vignali, D. A A, "Multiplexed Particle-Based
Flow Cytometric Assays" J. ImmunoL Meth. (2000) 243: 243-55). A similar approach involving a set of 15 different beads
of differing size and fluorescence has been disclosed as useful for simultaneous typing of multiple pneumococcal sero-
types (Park, M.K et al., "A Latex Bead-Based Flow Cytometric Immunoassay Capable of Simultaneous Typing of Multiple
Pneumococcal Serotypes(Multibead Assay)" Clin. Diag. Lab ImmunoL (2000) 7: 4869). Bishop, JE et al. have described
a multiplex sandwich assay for simultaneous quantification of six human cytokines (Bishop, LE. et al., "Simultaneous
Quantification of Six Human Cytokines in a Single Sample Using Microparticle-based Flow Cytometric Technology,"
Clin. Chem (1999) 45:1693-1694).
[0060] A diagnostic test can be conducted in a single assay chamber, such as a single well of an assay plate or an
assay chamber that is an assay chamber of a cartridge. The assay modules, e.g., assay plates or cartridges or multi-
well assay plates), methods and apparatuses for conducting assay measurements suitable for the present invention are
described for example, in US 20040022677; US 20050052646; US 20050142033; US 20040189311.
[0061] Assay plates and plate readers are now commercially available (MULTI-SPOT® and MULTI-ARRAY® plates
and SECTOR® instruments, MESO SCALE DISCOVERY,® a division of Meso Scale Diagnostics, LLC, Gaithersburg,
MD.).
[0062] Reference is made to specific examples illustrating the constructs and methods above. It is to be understood
that the examples are provided to illustrate rather than limit the scope of various embodiments of the invention.

Examples

Methods

[0063] Assays. Assays were developed as a number of different singleplex or multiplexed panels in MSD MULTI-
ARRAY 96-well plates and analyzed using ECL detection on an MSD plate reader (such as the SECTOR or PR2 lines
of plate readers available from Meso Scale Discovery, a division of Meso Scale Diagnostics, LLC, Gaithersburg, MD).
The biomarkers analyzed in the assay panels include the biomarkers listed in Table 1.
[0064] Prior to conducting an assay measurement with an assay panel, the sample was first diluted in an appropriate
sample diluent to the specified dilution for that panel. The diluted sample (typically about 10 to 25 uL) was then combined
with an additional volume of sample diluent (typically one to three times the diluted sample volume) in a well of a MULTI-
ARRAY assay plate containing an array of capture antibodies for the targets in the panel. The plate was incubated for
about 2 hours with shaking, sample was removed and the wells were washed three times with phosphate buffered saline.
A 50-mL volume of a mixture of labeled (MSD SULFO-TAG™ label, an ECL label also available from MESO SCALE
DISCOVERY) detection antibodies against the targets in the panel was added and the plate was incubated for about
one hour with shaking. The wells were washed three times with phosphate buffered saline and about 125 mL MSD T
Read Buffer (available from MESO SCALE DISCOVERY) was added. The plate was read using an MSD ECL plate
reader (available from MESO SCALE DISCOVERY). The reader reports assay signals for each array element in relative
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ECL units.
[0065] The same procedure was used for analyzing intracellular markers in blood cell pellets, except that the initial
sample was prepared by extracting the blood cell pellet in a histone extraction buffer (50mM TRIS pH 7.5, 500-mM NaCl,
0.5% NaDeoxycholate, 1% Triton X100, 2-mM EDTA, 1% PhIC, 1% PIC and 1-mM PMSF; 200 mL per 106 white blood
cells).
[0066] The experimental plate layout contained a negative QC control, a positive QC control and an 8 point calibration
curve, all run in duplicate. The calibration curve was fit to a 4 parameter logistic (4-PL) fit using 1/y2 weighting and used
to calculate sample concentrations.
[0067] Radiation Dose Studies in Mice. Female mice (strain B6D2F1/J) were subjected to total body irradiation (TBI)
at a range of doses (doses in one study included 0, 1.5, 3, 6, 10 Gy and 14 Gy), using a 60Co γ-ray source, at a dose
rate of ∼0.6 Gy/min. Mice from these radiation dose levels were sampled at 6 hrs, 1, 2, 3, 5 and 7 days post irradiation
(see Table 2). Whole blood was collected at the sampling times and processed into a platelet poor EDTA plasma fraction
and peripheral blood leukocyte pellet (PBL). A separate aliquot of whole blood was collected and used to measure blood
cell counts. In a given study, typically 6 to 8 mice were tested per dose/time condition. In one study (the "Blinded Study"),
the samples covered the conditions shown in Table 3, but were provided for analysis in a blinded fashion to enable an
unbiased characterization of the dose-estimation algorithm performance.
[0068] Combined Injury Study in Mice. This study examined the effect of a dorsal puncture wound covering 15% of
total body surface area on radiation biomarker levels (the wound model is described in Ledney et al. 2010). Female
mice (strain B6D2F1/J) exposed to 0 (sham irradiation), 3, 6 or 10 Gy were then subject, within an hour of irradiation,
to the 15% surface area puncture wound. Plasma samples were collected at 6 hrs, 1, 2, 3, 5 or 7 days post irradiation.
Irradiation conditions and sample collection were as described above for the Biomarker Discovery Study. As non-injury
controls, an equal number of mice were subject to the same dose/time conditions and processing as the injured mice,
but without receiving the puncture wound. Samples were also collected from true negative control mice, not subject to
sham wounding or irradiation procedures. At least 8 replicate mice were subjected to each dose/time/wounding condition.
Prior to running the full Combined Injury Study, a smaller Pilot Combined Injury Study was run that was limited to the 0
and 6 Gy dose conditions, and only 6 replicate mice for each dose/time/injury conditions (see Table 3 and Table 4 for
summaries of the test conditions for the Pilot and Full Combined Injury Studies, respectively).
[0069] Radiation Dose Testing with NHP Samples. Remnant non-human primate (NHP) samples (Rhesus monkeys
- Macaca mulatta) from prior radiation studies were evaluated as follows. Remnant Sample Set A included EDTA plasma
samples collected pre-irradiation and at various times after TBI irradiation with 0, 1.0, 3.5, 6.5, or 8.5 Gy from a 60Co γ-
ray source and Remnant Sample Set B included EDTA plasma samples collected pre-irradiation and at various times
after TBI irradiation with 7.5, 10.0 or 11.5 Gy (6 MV LINAC photon, 0.80 Gy/min). Table 5 summarizes the samples that
were tested in feasibility testing. Sample Set A was provided with blood cell counts measured at the time of sample
collection.
[0070] Human Samples. To measure the expected normal variation in radiation biomarkers, remnant platelet-poor
EDTA plasma was collected from individual blood samples donated at blood donation centers (through Bioreclamation,
LLC, Liverpool, NY). Samples were collected from 40 normal individuals and up to 10 self-identified individuals for each
of four high prevalence chronic diseases (hypertension, diabetes, asthma or rheumatoid arthritis). The samples, sum-
marized in Table 6, were selected to be diverse in sex, age and race.
[0071] To evaluate potential new human models for radiation exposure, remnant human samples were collected from
radiation oncology patients. EDTA plasma samples were collected from patients receiving standard radiotherapy for
lung cancer (15 patients) and GI cancer (8 patients). These treatments involve localized, but relatively large area,
irradiation of the affected organ. Typical treatment schedules have patients receiving 1.8 or 2.0 Gy per day, 5 days per
week for 6 weeks for a total dose of 54 to 60 Gy. Samples were collected prior to irradiation and at the 3 and 6 week
time-points. EDTA plasma was also collected from melanoma patients (13 patients) receiving TBI in preparation for cell-
transfer therapy (samples collected before and 6 hours after receiving a 2 Gy dose). All treatments also included chem-
otherapy. More details on the samples and protocols can be found in Table 7.

Table 2. Summary of the test groups, and numbers of mice in each test group, for the Biomarker Discovery Study.

Test Groups Sample Collection Time (Post Exposure)

Dose (Gy) 6 h 1 d 2 d 3 d 5 d 7 d

0 (Sham) 8 8 8 8 8 8

1.5 8 8 8 8 8 8

3 8 8 8 8 8 8

6 8 8 8 8 8 8
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(continued)

Test Groups Sample Collection Time (Post Exposure)

Dose (Gy) 6 h 1 d 2 d 3 d 5 d 7 d

10 8 8 8 8 10 10

14 8 8 8 12 16 20

Table 3. Summary of the test groups, and numbers of mice in each test group, for the Combined Injury Study.

Test Groups Sample Collection Time (Post Exposure)

Dose (Gy) Injury 6 h 1 d 2 d 3 d 5 d 7 d

0 (Control) No (Sham) 6 6 6 6 6 6

0 (Control) Yes 6 6 6 6 6 6

6 No (Sham) 6 6 6 6 6 6

6 Yes 6 6 6 6 6 6

Table 4. Summary of the test groups, and numbers of mice in each test group, for the Full Combined Injury Study. 
Larger numbers or replicate mice were included at higher doses and times to account for mortality in these groups. 
Because of the large number of animals the study was broken into two sub-studies that were carried out at different 

times, each sub-study comprising half the animals for each test condition.

Tesf Groups Sample Collection Time (Post Exposure)

Dose (Gy) Injury 6 h 1 d 2 d 3 d 5 d 7 d

0 (Control) No (Control) 8 8 8 8 8 8

0 (Sham) No (Sham) 8 8 8 8 8 8

0 (Sham) Yes 8 8 8 8 8 8

3 No (Sham) 8 8 8 8 8 8

3 Yes 8 8 8 8 8 8

6 No (Sham) 8 8 8 8 8 8

6 Yes 8 8 8 8 12 12

10 No (Sham) 8 8 8 8 10 10

10 Yes 8 8 8 12 12 12
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Table 5. Summary of the remnant NHP samples analyzed in feasibility testing.

Dose/Time Conditions and Number of Replicates Per Condition for NHP Sample Sets A & B

Sample Set A (60Co γ-ray) Sample Set B (6 MV LINAC Photon)

Dose (Gy) Dose (Gy)

Time (Days) 0.0 1.0 3.5 6.0 8.5 Time 7.5 10.0 11.5

0 6 6 6 6 5 0 3 4 3

0.25 4 4 3 NA 6 1 3 4 3

1 5 5 6 6 6 3 3 4 3

2 6 6 6 6 6 5 3 4 3

3 6 6 6 6 6 7 3 4 3

4 6 6 6 6 6 9 4 4 4

7 4 6 NA 6 6 13 3 NA NA

8 NA NA NA NA 1 17 3 NA NA

9 6 6 6 6 6 21 2 NA NA

10 NA NA NA NA 5 25 2 NA NA

30 2 NA NA
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Table 7(a-c). List of remnant human plasma samples from radiation oncology studies. Brief summaries of the protocols 
are provided under the tables. (a) Melanoma patients receiving total body irradiation (TBI) prior to cell-transfer therapy 
were treated with cyclophosphamide and fludarabine 3-5 days prior to TBI (lymphocyte depletion chemotherapy) and 
plasma was collected pre-TBI and 6 hours after a single 2 Gy fraction. Melanoma patients 15-30 were in the non-TBI 
arm of the study. (b) Lung cancer patients receiving radiation to the thorax received 2 Gy fractions, 5 days per week, 
for 6 weeks, as well as neo-adjuvant and/or concurrent 5-FU and taxol. Samples were collected pre-radiation and 

after total doses of 30 to 60 Gy. (c) GI cancer patients receiving radiation to the GI tracts received 2 Gy fractions, 5 
days per week, for 6 weeks, as well as concurrent 5-FU or gemcitabine. Samples were collected pre-radiation and 

after total doses of 30 and 54 Gy.

(a) Melanoma Patients

Patient Pre-Rad 2 Gy (TBI)

1 X X

2 X X

3 X X

4 X X

5 X

6 X

7 X

8 X

9 X

10 X X

11 X X

12 X X

13 X X

14 X X

15 X

16 X

17 X

18 X

19 X

20 X

21 X

22 X

23 X

24 X

25 X

26 X

27 X

28 X

29 X

30 X

Total 29 10
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[0072] Data Analysis. In evaluating the dose and time responses of individual biomarkers, the significance of differences
in observed responses to different test conditions were determined by calculating a p value using a two-tailed unpaired
t-test. The measured dose and time responses of the individual biomarkers, as determined in the mouse radiation dose
study, were used to develop a multi-parameter algorithm for predicting dose. The basic approach is to model the dose
and time response for each biomarker. To predict dose, the biomarker levels of a patient (or animal model) are measured
and the dose is calculated that provides the best compromise for fitting each biomarker to its response surface model.
In the studies described herein, it is assumed that the time of exposure will be known, so only the dose providing the
best compromise fit needs to be calculated.

Results

[0073] Mouse Radiation Dose and Combined Injury Studies - Individual Biomarker Responses. The results of biomarker
testing for the mouse radiation dose study are shown in Figure 1-17. Each figure includes a plot of biomarker levels vs.

(continued)

(b) Lung Cancer Patients

Patient Pre-Rad 30 Gy 60 Gy

1 X X X

2 X X X

3 X X X

4 X X X

5 X X X

6 X X X

7 X X X

8 X X X

9 X X X

10 X X X

11 X X X

12 X X X

13 X X X

14 X X X

15 X X X

Total 15 15 15

(c) GI Cancer Patients

Patient Pre-Rad 30 Gy 54 Gy

1 X X X

2 X X

3 X X X

4 X X X

5 X

6 X X X

7 X X X

8 X X X

Total 7 7 7
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dose for each collection time, and a plot of biomarker levels vs. time for each dose. Each data point for markers in Panels
A-D represents the average over 7-8 mice for the control conditions and 10-12 mice for the sham and irradiated conditions,
with the exception of the EPO, IL-5, IL10, KC/GRO and TNF-α measurements. The data points for these assays represent
the averages are over 3-4 mice for the controls and 6-8 mice for the sham and irradiation conditions. The figures also
provide tables of p values indicating the significance in the change in biomarker levels for each condition, relative to the
non-irradiated control.
[0074] Figures are provided for selected biomarkers showing a significant change (p < 0.05) over a range of dose/time
conditions. The DNA damage and inflammatory markers were early radiation markers, peaking at 6 hrs or 1 day and
dropping significantly by 2 days, although there was some evidence that IL-6 and SAA increased at late time points for
the higher doses as acute radiation syndrome progressed. The exceptions were IL-5 and IL-12 which showed strong
responses at later time points, IL-12 being the only marker that showed a strong dose-dependent decrease in concen-
tration. The biomarkers of tissue-damage repair tended to rise 2 days or more after radiation, although G-CSF had a
strong early and late response and Flt-3L showed a significant response at all but the earliest (6 h) time point.
[0075] Fig. 1-17 also include a plot of biomarker levels vs. time for each dose and injury condition tested in the Full
Combined Injury Study. Focusing on the 0 Gy (non-irradiated) condition and comparing the biomarker levels for non-
injured mice (closed circle) and injured mice (open circle), showed that there were a number of biomarkers that were
not changed by wounding in the absence of radiation exposure (Flt-3L, GM-CSF, TPO, EPO, IL-5 and CD27). SAA, G-
CSF and CD-26 by contrast were significantly elevated (p < 0.05) by wounding, with the effect of wounding being larger
in magnitude than the effect of radiation exposure. IL-12 and CD-45 showed a moderate wounding effect that was
statistically significant at some time points, but lower in magnitude than the effect of radiation exposure. The results
obtained with the combined injury model are roughly consistent with results using an LPS injection model, described
herein, except that GM-CSF and IL-12 levels are strongly elevated in response to LPS, but not affected (GM-CSF) or
only weakly affected (IL-12) by wounding.
[0076] If the biomarkers were insensitive to wounding in non-irradiated animals, wounding also did not generally affect
biomarker levels after radiation exposure. The one exception was TPO; wounding appeared to accelerate the kinetics
for the appearance of elevated TPO levels in irradiated animals. The effect was most pronounced for animals receiving
a 6 Gy dose. At day 5 post-irradiation the wounded animals had average TPO levels that were almost 5 times higher
than non-wounded animals. By day 7, the levels for wounded and non-wounded animals were roughly comparable. We
anticipate that use of biomarkers with this type of effect should not affect the ability to identify patients who have been
irradiated, but could potentially lead to an overestimation of dose. There is, however, to further improve algorithm accuracy
by adjusting the dose assessment algorithm based on information about wounding or other trauma.
[0077] Mouse Radiation Dose Study - Algorithm Development and Testing. A multi-parameter algorithm (as described
in the Methods section) using 5 biomarkers (Flt-3L, G-CSF, GM-CSF, EPO, IL12/23) was applied to the full sample set
from a first mouse radiation dose and time study. For each sample, with its set of biomarker measurements, the predicted
dose was calculated using the repeated random sub-sampling approach (see Methods). Figure 18(a) shows a plot of
the predicted dose vs. the actual given dose for the full set of samples. The dashed lines indicate a range of +/- 1.5 Gy
from 0 to 6 Gy, and indicate +/- 25% above 6 Gy. Accounting for the 2.5-fold higher sensitivity of humans to radiation
dose relative to the mouse model (LD50/30 for the B6D2F1/J female mouse model is ∼ 9.5 Gy - see, Ledney et al., 2010
- vs. ∼ 3-4 Gy for humans), the corresponding human equivalent dose ranges would be +/- 0.6 Gy from 0 to 2.4 Gy, and
+/-25% above 2.4 Gy.
[0078] The ability of the algorithm to correctly classify doses into appropriate ranges can be calculated from Figure
18(a). The percentage of samples that fall within the defined boundaries in Figure 18(a) for all doses over the time
window of 1 - 7 days after exposure is 9063%, where the standard deviation is the variation in the calculated percentage
across the different combinations of test and training sets. Note that the accuracy decreases slightly to 8863% if the
time range is expanded to include the 6 hr time point.
[0079] The algorithm was also characterized for its overall ability to discriminate doses of 6 Gy and above from non-
irradiated control mice (0 Gy) and to discriminate doses of 6 Gy and above from 3 Gy and below. Given the lower relative
survival sensitivity of the mouse model to radiation dose than humans (LD50/30 is roughly 2.5-fold higher for the mouse
model), this classification should roughly correspond to the ability to classify dose above or below about 2 to 3 Gy in
humans. Figure 19(a) shows ROC curves generated by varying the predicted dose threshold used to classify the samples.
The ROC curves demonstrate excellent classification ability with area under curves (AOCs) of 0.999 for distinguishing
0 Gy from ≥ 6 Gy and 0.956 for distinguishing ≤ 3 Gy from ≥ 6 Gy.
[0080] Supplemental Mouse Radiation Dose Study - Algorithm Development and Testing. Algorithm development was
advanced using results from a second Mouse Radiation Dose Study. To select optimal biomarker panels for use with
our multi-parameter dose-estimation algorithm (as described above), the performance of each possible combination of
the 12 most radiation sensitive biomarkers was tested against the Biomarker Discovery Study data set. A repeated
random sub-sampling approach was used so that the training and test samples were always independent. Algorithm
performance was calculated using two different metrics: (i) a prediction error metric provided as the root mean square
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error (RMSE) in the predicted doses across the full sample set and (ii) an accuracy metric, where we defined accuracy
to be the percentage of samples for which the predicted dose was within +/- 1.5 Gy from 0 to 6 Gy, and +/-25% above
6 Gy. Accounting for the 2.5-fold higher sensitivity of humans to radiation dose relative to the mouse model (LD50/30
for the B6D2F1/J female mouse model is ∼ 9.5 Gy - see, Ledney et al., 2010 - vs. ∼ 3-4 Gy for humans), the corresponding
human equivalent dose ranges would be +/- 0.6 Gy from 0 to 2.4 Gy, and +/-25% above 2.4 Gy.
[0081] Figure 20 shows the RMSE and Accuracy metrics for the different possible biomarkers combinations (each
point in the graph represents a different combination of 1 to 12 biomarkers). Focusing on the highest performing com-
binations for each possible panel size (the top-most points for each panel size), the figure shows that there is no benefit
to panel sizes larger than six markers. Table 8 shows the performance metrics for two top performing panels for each
panel: the top performing panel including one of the three highly wound-sensitive biomarkers (SAA, G-CSF and CD26)
and the top performing panel that does not include any of these three markers. There was no evidence that the injury
sensitive markers were required for optimal performance, so the six marker panel without injury sensitive biomarkers
(CD27, Flt-3L, GM-CSF, CD45, IL12 and TPO) was selected as the preferred panel for further performance character-
ization.
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[0082] Performance of Algorithm for Predicting Dose in Blinded Samples. Using the full Biomarker Discovery data set
as the training set for the multi-parameter algorithm, the optimal 6-biomarker panel was used to calculate an estimated
dose for each sample from the Blinded Study. In this analysis, the sampling time information was available and used in
dose estimation, but the actual dose information was blinded to the analysts until the dose estimation was complete.
Figure 21 shows the correlation of the predicted dose and the actual dose and includes dashed lines that represent our
Accuracy criteria as described above. Using this approach, 94.7% of the predicted doses fell within our accuracy criteria
for all doses over the time window of 1 - 7 days after exposure. The RMS error in dose estimation was 1.14 Gy (which
should be roughly equivalent to +/-0.46 Gy in humans). Figure 21 also shows that the majority of the points that fell
outside of our accuracy criteria were samples collected 1 day after radiation, indicating that there may be opportunities
for improving performance by identifying additional early biomarkers or weighting them more heavily.
[0083] The algorithm was also characterized for its overall ability to discriminate doses of 6 Gy and above from non-
irradiated control mice (0 Gy) and to discriminate doses of 6 Gy and above from 3 Gy and below. Given the lower
sensitivity of the mouse model to radiation than humans (LD50/30 is roughly 2.5-fold higher for the mouse model), this
classification should roughly correspond to the ability to classify doses around the critical 2 Gy threshold in humans.
Figure 22 shows ROC curves generated by varying the predicted dose threshold used to classify the samples. The ROC
curves demonstrate excellent classification ability with area under curves (AOCs) of 1.000 for distinguishing 0 Gy from
≥ 6 Gy and 0.998 for distinguishing ≤ 3 Gy from ≥ 6 Gy. Using the optimal classifications determined by the ROC analysis,
there was perfect separation of 0 Gy and ≥ 6 Gy samples (100% sensitivity, 100% specificity) and near perfect separation
of ≤ 3 Gy and ≥ 6 Gy samples (99.2% sensitivity and 100% specificity).
[0084] Effect of Combined Injury on Algorithm Performance. To provide a preliminary view of the robustness of the
algorithm to the potential confounding effects of injury, the algorithm (using the selected optimal 6-biomarker panel) was
used to predict dose in the samples from Pilot Combined Injury study (0 and 6 Gy doses, with and without 15% surface
wound). Figure 23 provides a plot of predicted dose vs. actual dose. The percentage of samples that fell within our
criteria for dose prediction accuracy was 93.3%, which is roughly in line with the values that that were observed for
studies without an injury component (the %accuracy for the blinded study was 94.7%). The RMSE error in dose (0.85
Gy) is lower than the value observed for the blinded study (1.14 Gy), most likely because the blinded study included
higher doses. Despite the inclusion of injured animals, it was also possible to set a classification threshold in predicted
dose that completely distinguished (100% sensitivity, 100% specificity) the non-irradiated and irradiated animals.
[0085] Preliminary Testing of Radiation Biomarkers in NHP Samples. Archived plasma samples from irradiated NHP
(Rhesus macaques) were tested with the NHP biomarker assay panels. For almost all dose/time conditions, however,
at least 5 of the 6 replicate samples were tested on all assays.
[0086] Figures 24(a-z) show the radiation dose responses for 13 biomarkers selected for their radiation sensitivity.
Figures 24(a-z) show that 5 of the 6 biomarkers that were selected for the mouse dose-assessment algorithm were
either radiation responsive in NHP (Flt-3L, CD27, TPO, and IL-12) and/or had mechanistic analogs that were radiation
responsive in NHP (i.e., the neutrophil surface marker CD177 as an analog for CD45 in mice and the lymphocyte surface
marker CD20 as an analog for CD27 in mice). One marker from the mouse panel, GM-CSF, was not detected in control
or irradiated NHP; the assay may simply not have sufficient sensitivity for native Rhesus GM-CSF. Figures 24(a-z) show
that three markers that demonstrated radiation sensitivity in the mouse model (SAA, EPO and G-CSF), but that were
not selected for use in the dose-assessment algorithm also responded to radiation in the NHP model. Figures 24(a-z)
show the response of two markers (CRP and salivary amylase) that are not useful in mice but that have been used to
assess radiation exposure in people, and confirms that these biomarkers respond to radiation in the NHP model. Finally,
Figures 24(a-z) show dose responses for two novel early responders to radiation (TIMP-1 and TNF-RII) that were
identified by screening cancer biomarker panels. TIMP-1 (Tissue Inhibitor of MetalloProteinase 1) is regulates a variety
of physiological processes through the inhibition of metalloproteases and also has erythroid-potentiating activity. Soluble
TNF-RII (soluble TNF receptor II) is released into plasma by proteolytic cleavage of cell bound TNF receptors, and is
elevated in a number of inflammatory conditions.
[0087] A first pass examination of using the multi-parameter algorithm for dose assessment in the NHP model was
carried using a biomarker panel selected to roughly correspond to the preferred mouse panel. The panel included Flt-
3L, TPO, IL-12, CD20, CD27, CD177 and salivary amylase. CD20 and CD177 are mechanistically analogous to CD27
and CD45 in the mouse panel. GM-CSF was not included because the NHP GM-CSF assay does not appear to be
sensitive enough to detect native GM-CSF in the plasma from normal or irradiated mice. The one marker without an
analog in the mouse panel was salivary amylase, which is an established marker in NHP, but is not affected by radiation
in mice. The data set gathered from the NHP Sample Set A was analyzed using a slight variation for the algorithm used
for the mouse studies, in which the contribution of the different markers was weighted based on their dose responsivity
in a specific time range. The algorithm was trained and tested on the data set using the random sub-sampling method
to avoid training bias. Figures 24(a-z) show the performance of the algorithm for discriminating animals receiving doses
of 3.5 Gy and above from non-irradiated control animals (0 Gy) and for discriminating animals receiving doses of 3.5
Gy and above from those receiving 1 Gy and below. Given the lower sensitivity of the NHP model to radiation than
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humans (LD50/30 is roughly 1.5-fold higher for the mouse model), this classification should roughly correspond to the
ability to classify doses around the critical 2 Gy threshold in humans (3 Gy in NHP). Figure 25 shows ROC curves
generated by varying the predicted dose threshold used to classify the samples. The ROC curves demonstrate excellent
classification ability with area under curves (AOCs) of 1.000 for distinguishing 0 Gy from ≥ 3.5 Gy and 0.995 for distin-
guishing ≤ 1 Gy from ≥ 3.5 Gy. Using the optimal classifications determined by the ROC analysis, there was perfect
separation of 0 Gy and ≥ 3.5 Gy samples (100% sensitivity, 100% specificity) and near perfect separation of ≤ 1 Gy and
≥ 3.5 Gy samples (96.9% sensitivity and 98.5% specificity). Figure 25 also shows the correlation of predicted dose and
actual dose and shows that the correlation is very good near the critical 3 Gy point.
[0088] Human Normal and Diseased Samples. The human biomarker panels were tested with a set of remnant plasma
samples from blood donors (Table 6) that included 42 normal healthy individuals as well as samples from donors self-
reporting as suffering from one of four high-prevalence chronic diseases: hypertension (10 samples), rheumatoid arthritis
(6 samples), asthma (10 samples) and diabetes (9 samples). The results are plotted in bar and whisker format in Figure
26. There was no evidence that the disease populations were significantly different (p < 0.05) than the normal population
for any of the biomarkers.
[0089] When judging the ability of the mouse model data to support the use of a dose-assessment algorithm in humans,
one consideration is whether the increased normal range one would expect for biomarkers in a diverse human population
(relative to an inbred mouse strain) would increase the likelihood for false positives. We decided to study this problem
by adding random noise to the measured biomarker levels from the non-irradiated mice in the Biomarker Discovery
Study, so that the variability in the "normal" mouse levels matched the observed variability in the normal human population.
We applied this noise to 4 of the biomarkers in the preferred 6-biomarker panel (Flt-3L, CD27, GM-CSF, and IL-12).
CD45 was not measured in the human sample set, so there was no reference for comparison. TPO actually showed
lower variation in the human sample set than in the mouse sample set, so the mouse levels were left unchanged.
[0090] The data was then analyzed to determine how the added noise affected the specificity by which non-irradiated
control mice could be distinguished from mice exposed to 6 Gy. The classification as 0 Gy or ≥ 6 Gy was carried out
using the optimal threshold selected in the absence of injected noise. As shown in Figure 27, increasing the baseline
biomarker variability did not cause any additional misclassifications and the measured specificity for classification re-
mained at 100%.
[0091] Human Samples from Patients Receiving Radiation Oncology. Sample sets from cancer patients receiving
radiation (Table 7) were evaluated as potential models for assessing biodosimetry algorithms. One set of samples were
from melanoma patients receiving lymphocyte depleting chemotherapy prior to cell-transfer therapy. This study included
one arm that also received total body irradiation (3 days after chemotherapy) and one arm that did not. Samples were
only available pre-irradiation and 5 to 6 hours after the first 2 Gy fraction, so the sample set was relevant for early onset
biomarkers. The results shown in Figure 28 indicate that the biomarker levels in the pre-radiation draws and in patients
in the non-TBI arm could be substantially different from the normal range due to the chemotherapy regimen. Nevertheless,
two biomarkers showed up as significantly elevated in the post-irradiation group relative to the pre-irradiation group and
the non-TBI arm: salivary amylase (p = 0.0012), a well-known early onset radiation marker and p53 (p = 0.013), a marker
identified as an early (< 1 day) marker.
[0092] Samples were also tested from patients receiving localized radiation for lung of GI cancer (2 Gy per day, 5
times per week, 6 weeks), in combination with neo-adjuvant or concurrent chemotherapy. Biomarker levels were meas-
ured in samples taken pre-radiation and after cumulative doses of 30 and 54 to 60 Gy (Figure 29). Overall, there were
no significant observed changes in biomarker levels as a result of these localized radiation therapies. There was evidence
for small increases in average levels of hematopoietic markers (Flt-3L and TPO) and small drops in levels of soluble
lymphocyte surface markers (CD5 and CD20), but the changes were moderate (∼ a factor of 2) and there was considerable
overlap between the distributions.
[0093] Mouse Confounding Effect Study - Individual Biomarker Responses. The results of the preliminary mouse
confounding effect study are provided in Figures 30-32 for the biomarkers showing radiation sensitivity. The figures
provide biomarker levels vs. collection time in the absence of confounding factors or after injection of LPS or G-CSF.
Plots are provided for both un-irradiated mice and mice exposed to 6 Gy at 2 hours after treatment with the confounding
factor. The preliminary confounding effect study used a different radiation source (X-ray) than the radiation dose-response
study (γ-ray), so the 0 and 6 Gy conditions from the radiation dose study are overlaid to gauge consistency of results
between the studies. Figure 33 provides bar graphs showing the relative magnitudes of the maximal observed LPS and
G-CSF responses relative to the maximal observed radiation response (including samples from the Radiation Response
study) and allows for a rapid assessment of which markers can be subject to confounding effects.
[0094] Figure 33 shows that several assays (SAA, G-CSF, GM-CSF, IL-6, IL-12, IL-12/23 and KC/GRO) showed an
LPS response on the same scale or greater than the maximal radiation response. These assays were primarily cytokines
or inflammatory-response markers. Flt-3L, EPO, TPO, p53 and γH2AX, in contrast, were insensitive or showed only
slight elevations in response to LPS. Interestingly, TNF-α has little or no radiation response but responds strongly to
LPS, and can have utility for identifying samples with significant inflammation. Most markers showed no response to G-
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CSF treatment. Even when a response was observed, for example EPO, the response was relatively small on the scale
of the radiation response.
[0095] Mouse Confounding Effect Study - Algorithm with Reduced LPS Insensitive Biomarker Set. One approach to
address the confounding effects of non-radiation related inflammatory responses is to remove the inflammatory biomar-
kers from the dose assessment algorithm for patients with obvious trauma or infections. Algorithm performance was
characterized after removing the LPS-sensitive biomarkers from the preferred 5 panel biomarker set to produce a 2
biomarker LPS-insensitive panel (Flt-3L and G-CSF). Figures 18b and 19b provide plots of predicted dose vs. actual
dose and ROC curves for classifying samples with dose ≥ 6 Gy, that were produced analogously to the curves provide
in Figure 18a and 19a for the full 5 marker panel. The reduced panel was still useful for predicting dose, although there
was some degradation in performance relative to the full panel. The accuracy for classifying doses within 1.5 Gy for
doses up to 6 Gy or within 25% for doses greater than 6 Gy was 7464%, compared to 91 63% for the full panel. The
AUC for the ROC curve for distinguishing doses ≥ 6 Gy from non-irradiated controls was 0.989, compared to 0.999 for
the full panel. The AUC for distinguishing doses ≥ 6 Gy from doses ≤ 6 Gy was 0.882, compared to 0.956 for the full panel.
[0096] Preliminary Testing of NHP Samples. Figures 34-35 show the results obtained based on preliminary testing of
a subset of the Rhesus plasma samples collected between 0 and 9 days after TBI with 1 or 3.5 Gy (3 animals per dose).
The results largely confirm those seen with the mouse model; the differences are highlighted below. The NHP model,
generally, showed higher radiation sensitivity with stronger responses at ∼ 3 Gy and many markers providing good
responses at 1 Gy. EPO and SAA responded over a broader time range (1-9 days for EPO. 1-3 days for SAA) than was
observed in mice. CRP, while being non-radiation responsive in mice, provided a strong early response in NHP. BPI
and p53 were both observed as very early (6 h) markers. GM-CSF did not respond to radiation in the NHP model (data
not shown).
[0097] Figure 36 shows interesting results obtained when the plasma samples were tested with the CD20 (lymphocyte)
and CD177 (neutrophil) surrogate markers. Preliminary testing with a small set of archived blood pellet samples collected
0, 1 or 2 days after irradiation showed that the CD20 and CD177 levels showed a similar drop over time as observed
by cell counting (data not shown). More interestingly, Figure 36 shows, for the plasma samples from the 1 and 3.5 Gy
cohort, that there are measurable levels of free (not cell-bound) CD-20 and CD-177 in the plasma and that the dose-
and time-course changes in the plasma levels of these markers exhibit useful diagnostic information.
[0098] Additional NHP sample testing and development of dose assessment algorithm for the NHP model. Using data
from the NHP model, the approach of assessing radiation dose by fitting multiplexed biomarker data to time-dose
response surfaces for each biomarker was evaluated (the same approach described above for the mouse data). The
results showed that a panel of 6 plasma markers (Flt-3L, EPO, p53, CD20, CD177 and SAA) can provide good discrim-
ination of animals receiving greater than 3.5 Gy (equivalent to ∼2 Gy in humans) from those receiving less than 3.5 Gy
and also provided high accuracy for semi-quantitative dose prediction. The results for these 6 biomarkers are shown in
Table 26 below and in Fig. 37. Table 26 also illustrates the discrimination utility of additional biomarkers measured in
this study.

[0099] The impact of replacing the individual values of CD20 and CD177 in the model with the ratio of CD177/CD20
was evaluated in order to determine if this change would improve the accuracy of the algorithm (analogous to the use
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of neutrophil/lymphocyte ratio for dose assessment based on hematology results). As shown in Table 27 (a)-(b), the use
of the ratio provided roughly equivalent accuracy to the use of the individual values.

[0100] Alternate algorithms for dose assessment were also evaluated. A simple linear model (Dose = A1C1 + A2C2 +
A3C3 + ..., where Ci is the concentration of marker i and Ai is an empirically determined coefficient) was equivalent to
the response surface based model for distinguishing animals exposed to 0 and 3.5 Gy (both models were able to correctly
classify all samples from animals in these two groups). The linear model has the advantage of not requiring knowledge
of the time between exposure and sample collection, but does not quantify dose as well as the response surface model
(root mean square error for dose assessment for the optimal panel was ∼ 1 Gy vs. ∼ 0.3 Gy for the response surface model).
[0101] In cases where the present specification and a document referred to herein include conflicting disclosure, and/or
inconsistent use of terminology, and/or the referenced documents use or define terms differently than they are used or
defined in the present specification, the present specification shall control.
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Claims

1. A multiplexed assay kit used to assess an absorbed dose of ionizing radiation or radiation-induced tissue injury in
a patient sample, wherein said kit comprises reagents for specifically measuring the level of a plurality of biomarkers
in said sample and said plurality of biomarkers comprises B-lymphocyte antigen CD20, FMS-like tyrosine kinase 3
ligand (Flt-3L), neutrophil activation marker CD177, interleukin 12 (IL-12), thrombopoeitin (TPO) and salivary amylase
(AMY).

2. The kit of claims 1, further comprising instructions for correlating the level of said plurality of biomarkers present in
the sample with the dose of radiation absorbed by the patient.

3. The kit of claim 1 further comprising an additional tissue-damage repair biomarker selected from granulocyte-colony
stimulating factor (G-CSF), erythropoietin (EPO), granulocyte-macrophage colony-stimulating factor (GM-CSF),
stromal cell-derived factor 1 alpha (SDF-1a), and combinations thereof.

4. The kit of any one of claims 1-3, further comprising an additional kit component comprising (a) a bar-coded patient
identification tag; (b) a dried blood spot collection card comprising a bar code; (c) a sample transport bag comprising
desiccant; (d) a capillary with a plunger; or (e) a lancet.

5. The kit of any one of claims 1-4, wherein said kit is configured to measure said level using an immunoassay.

6. The kit of claim 5, wherein said kit comprises a multi-well assay plate comprising a plurality of assay wells used in
an assay conducted in said kit, said plurality of assay wells configured to measure said level of said plurality of
biomarkers in said sample.

7. The kit of claim 6 wherein a well of said assay plate comprises a plurality of assay domains, at least two of said
assay domains each comprising a different assay reagent.

8. The kit of claim 6, wherein said kit comprises an assay cartridge for conducting a plurality of assays, said cartridge
comprising a flow cell having an inlet, an outlet and a detection chamber, said inlet, detecting chamber, and outlet
defining a flow path through said flow cell, said detection chamber configured to measure said level of said plurality
of biomarkers in said sample.

9. The kit of claim 1 wherein said kit further comprises one or more additional assay reagents, said one or more
additional assay reagents provided in one or more vials, containers, or compartments of said kit.

10. The kit of claim 6 wherein said kit further comprises an electrochemiluminescence (ECL) labeling reagent and said
levels are measured in an immunoassay conducted with said kit by measuring ECL.

11. The kit of claim 1, wherein said kit comprises an assay cartridge.

12. The kit according to claim 11, wherein the cartridge comprises a flow cell having an inlet, an outlet and a detection
chamber, said inlet, detecting chamber, and outlet defining a flow path through said flow cell, said detection chamber
configured to measure said level of said plurality of biomarkers in said sample.

13. A system comprising a device capable of receiving the kit of claim 1 to measure level of said plurality of biomarkers,
said device operatively associated with a computer system, said computer system having stored thereon a computer
program which, when executed by said computer system, causes the computer program to perform a method
comprising correlating the level of said plurality of biomarkers present in the sample with the dose of radiation
absorbed by the patient.
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14. A method of assessing an absorbed dose of ionizing radiation in a patient sample, said method comprising (a)
measuring levels of a plurality of biomarkers in said sample; (b) applying, by a processor, an algorithm to assess
said absorbed dose in said patient based on said levels of said plurality of biomarkers in said sample; wherein said
plurality of biomarkers comprises B-lymphocyte antigen CD20, FMS-like tyrosine kinase 3 ligand (Flt-3L), neutrophil
activation marker CD177, interleukin 12 (IL-12), thrombopoeitin (TPO) and salivary amylase (AMY).

15. The method of claim 14, wherein said algorithm quantifies an absorbed dose of ionizing radiation in the range of
1-10 Gy.

Patentansprüche

1. Ein Multiplex-Assay-Kit, der verwendet wird, um eine absorbierte Dosis von ionisierender Strahlung oder Strah-
lungsinduzierte Gewebeschädigung in einer Patientenprobe zu untersuchen, worin der genannte Kit Reagenzien
zur spezifischen Messung des Spiegels von einer Vielzahl von Biomarkern in der genannten Probe umfasst, und
die genannte Vielzahl von Biomarkern B-Lymphozytenantigen CD20, FMS-ähnlichen Tyrosinkinase 3 Liganden
(Flt-3L), neutrophilen Aktivierungsmarker CD177, Interleukin 12 (IL-12), Thrombopoietin (TPO) und Speichelamy-
lase (AMY) umfasst.

2. Der Kit gemäß Anspruch 1, weiter umfassend Anweisungen zum Korrelieren des Spiegels der in der Probe vorhan-
denen genannten Vielzahl von Biomarkern mit der Strahlungsdosis, die von dem Patienten absorbiert wurde.

3. Der Kit gemäß Anspruch 1, weiter umfassend einen zusätzlichen Gewebeschaden-Reparatur-Biomarker gewählt
aus Granulozyten-Kolonie stimulierendem Faktor (G-CSF), Erythropoietin (EPO), Granulozyten-Makrophagen-Ko-
lonie-stimulierendem Faktor (GM-CSF), Stromazellenabgeleitetem Faktor 1 alpha (SDF-1a), und Kombinationen
daraus.

4. Der Kit gemäß irgendeinem der Ansprüche 1-3, weiter umfassend eine zusätzliche Kit-Komponente umfassend (a)
ein barcodiertes Patientenidentifikationsetikett; (b) eine Trockenblutspot-Sammelkarte umfassend einen Barcode;
(c) eine Probentransporttasche umfassend Trockenmittel; (d) eine Kapillare mit einem Kolben; oder (e) eine Lanzette.

5. Der Kit gemäß irgendeinem der Ansprüche 1-4, worin der genannte Kit konfiguriert ist, um den genannten Spiegel
unter Verwendung eines Immunoassays zu messen.

6. Der Kit gemäß Anspruch 5, worin der genannte Kit eine Multi-Well-Assayplatte umfasst, die eine Vielzahl von Assay-
Vertiefungen umfasst, die in einem Assay verwendet werden, der in dem genannten Kit durchgeführt wird, wobei
die genannte Vielzahl von Assay-Vertiefungen konfiguriert ist, um den genannten Spiegel der genannten Vielzahl
von Biomarkern in der genannten Probe zu messen.

7. Der Kit gemäß Anspruch 6, worin eine Vertiefung der genannten Assayplatte eine Vielzahl von Assaybereichen
umfasst, wobei mindestens zwei der genannten Assaybereiche jeweils ein unterschiedliches Assayreagenz umfas-
sen.

8. Der Kit gemäß Anspruch 6, worin der genannte Kit eine Assaykassette zum Durchführen einer Vielzahl von Assays
umfasst, wobei die genannte Kassette eine Durchflusszelle mit einem Einlass, einem Auslass und einer Detekti-
onskammer umfasst, wobei der genannte Einlass, die Detektionskammer und der Auslass einen Strömungsweg
durch die genannte Durchflusszelle definieren, wobei die genannte Detektionskammer konfiguriert ist, um den
genannten Spiegel der genannten Vielzahl von Biomarkern in der genannten Probe zu messen.

9. Der Kit gemäß Anspruch 1, worin der genannte Kit weiter eines oder mehrere zusätzliche Assayreagenzien umfasst,
wobei das genannte eine oder die genannten mehreren zusätzlichen Assayreagenzien in einer oder mehreren
Phiolen, Behältern oder Kammern des genannten Kits bereitgestellt sind.

10. Der Kit gemäß Anspruch 6, worin der genannte Kit weiter ein Elektrochemilumineszenz-(ECL)-Markierungsreagenz
umfasst, und die genannten Spiegel in einem Immunoassay gemessen werden, der mit dem genannten Kit durch
Messen der ECL durchgeführt wird.

11. Der Kit gemäß Anspruch 1, worin der genannte Kit eine Assaykassette umfasst.
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12. Der Kit gemäß Anspruch 11, worin die Kassette eine Durchflusszelle mit einem Einlass, einem Auslass und einer
Detektionskammer umfasst, wobei der genannte Einlass, die Detektionskammer, und der Auslass einen Strömungs-
weg durch die genannte Durchflusszelle definieren, wobei die genannte Detektionskammer konfiguriert ist, um den
genannten Spiegel der genannten Vielzahl von Biomarkern in der genannten Probe zu messen.

13. Ein System umfassend eine Vorrichtung, die in der Lage ist den Kit gemäß Anspruch 1 aufzunehmen, um den
Spiegel der genannten Vielzahl von Biomarkern zu messen, wobei die genannte Vorrichtung operativ mit einem
Computersystem verbunden ist, wobei das genannte Computersystem darauf ein Computerprogramm gespeichert
hat, welches, wenn es durch das genannte Computersystem ausgeführt wird, bewirkt, dass das Computerprogramm
ein Verfahren durchführt, das das Korrelieren des Spiegels der genannten Vielzahl von Biomarkern, die in der Probe
vorhanden sind, mit der von dem Patienten absorbierten Strahlendosis umfasst.

14. Ein Verfahren zur Bestimmung einer absorbierten Dosis von ionisierender Strahlung in einer Patientenprobe, wobei
das genannte Verfahren folgendes umfasst: (a) Messen von Spiegeln einer Vielzahl von Biomarkern in der genannten
Probe; (b) Anwenden, durch einen Rechner, eines Algorithmus, um die genannte absorbierte Dosis in dem genannten
Patienten basierend auf den genannten Spiegeln der genannten Vielzahl von Biomarkern in der genannten Probe
zu beurteilen; worin die genannte Vielzahl von Biomarkern B-Lymphozytenantigen CD20, FMS-ähnlichen Tyrosin-
kinase 3 Liganden (Flt-3L), neutrophilen Aktivierungsmarker CD177, Interleukin 12 (IL-12), Thrombopoietin (TPO)
und Speichelamylase (AMY) umfasst.

15. Das Verfahren gemäß Anspruch 14, worin der genannte Algorithmus eine absorbierte Dosis von ionisierender
Strahlung in dem Bereich von 1-10 Gy bestimmt.

Revendications

1. Nécessaire de dosage en multiplex, utilisé pour évaluer une dose absorbée de rayonnement ionisant ou une lésion
tissulaire induite par un rayonnement ionisant dans un échantillon provenant d’un patient, où ledit nécessaire com-
prend des réactifs pour mesurer spécifiquement le taux d’une pluralité de biomarqueurs dans ledit échantillon et
ladite pluralité de biomarqueurs comprend l’antigène de lymphocyte B CD20, le ligand de tyrosine kinase de type
FMS 3 (Flt-3L), le marqueur d’activation des neutrophiles CD177, l’interleukine 12 (IL-12), la thrombopoïétine (TPO)
et l’amylase salivaire (AMY).

2. Nécessaire selon la revendication 1, comprenant encore des directives pour corréler le taux de ladite pluralité de
biomarqueurs présents dans l’échantillon avec la dose de rayonnement absorbée par le patient.

3. Nécessaire selon la revendication 1, comprenant encore un biomarqueur supplémentaire de réparation d’endom-
magement tissulaire, choisi parmi le facteur stimulant la formation de colonies de granulocytes (G-CSF), l’érythro-
poïétine (EPO, le facteur stimulant la formation de colonies de granulocytes et de macrophages (GM-CSF), le facteur
dérivé des cellules stromales 1 alpha (SDF-1a),et des associations de ceux-ci.

4. Nécessaire selon l’une quelconque des revendications 1 à 3, comprenant encore un composant supplémentaire
de nécessaire comprenant (a) une étiquette d’identification du patient à code-barres; (b) une carte de collection de
gouttes de sang séchées comprenant un code-barres; (c) un sac de transport d’échantillons comprenant un agent
dessiccateur ; (d) un capillaire avec un piston ; ou (e) une lancette.

5. Nécessaire selon l’une quelconque des revendications 1 à 4, où ledit nécessaire est configuré pour mesurer ledit
taux à l’aide d’un dosage immunologique.

6. Nécessaire selon la revendication 5, où ledit nécessaire comprend une plaque de titrage multi-puits comprenant
une pluralité de puits de titrage utilisés dans un dosage effectué dans ledit nécessaire, ladite pluralité de puits de
titrage étant configurée pour mesurer ledit taux de ladite pluralité de biomarqueurs dans ledit échantillon.

7. Nécessaire selon la revendication 6, dans lequel un puits de ladite plaque de titrage comprend une pluralité de
domaines de titrage, au moins deux desdits domaines de titrage comprenant chacun un réactif de dosage différent.

8. Nécessaire selon la revendication 6, où ledit nécessaire comprend une cartouche de dosage pour effectuer une
pluralité de dosages, ladite cartouche comprenant une cellule à écoulement comportant un orifice d’entrée, un orifice
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de sortie et une chambre de détection, ledit orifice d’entrée, ladite chambre de détection et ledit orifice de sortie
définissant un trajet d’écoulement à travers ladite cellule à écoulement, ladite chambre de détection étant configurée
pour mesurer ledit taux de ladite pluralité de biomarqueurs dans ledit échantillon.

9. Nécessaire selon la revendication 1, où ledit nécessaire comprend encore un ou plusieurs réactif(s) de dosage
supplémentaire(s), le(s)dit(s) un ou plusieurs réactif(s) de dosage supplémentaire(s) étant fourni(s) dans un ou
plusieurs flacon(s), contenant(s) ou compartiment(s) dudit nécessaire.

10. Nécessaire selon la revendication 6, où ledit nécessaire comprend encore un réactif de marquage en électrochimi-
luminescence (ECL) et lesdits taux sont mesurés dans un dosage immunologique effectué avec ledit nécessaire
par mesure d’ECL.

11. Nécessaire selon la revendication 1, où ledit nécessaire comprend une cartouche de titrage.

12. Nécessaire selon la revendication 11, dans lequel la cartouche comprend une cellule à écoulement comportant un
orifice d’entrée, un orifice de sortie et une chambre de détection, ledit orifice d’entrée, ladite chambre de détection
et ledit orifice de sortie définissant un trajet d’écoulement à travers ladite cellule à écoulement, ladite chambre de
détection étant configurée pour mesurer ledit taux de ladite pluralité de biomarqueurs dans ledit échantillon.

13. Système comprenant un dispositif capable de recevoir le nécessaire selon la revendication 1 pour mesurer le taux
de ladite pluralité de biomarqueurs, ledit dispositif étant associé de façon opérationnelle à un système informatique,
ledit système informatique comportant enregistré dans celui-ci un programme informatique qui, lorsqu’il est exécuté
par ledit système informatique, fait que le programme informatique exécute un procédé comprenant le fait de corréler
le taux de ladite pluralité de biomarqueurs présents dans l’échantillon avec la dose de rayonnement absorbée par
le patient.

14. Procédé d’évaluation d’une dose absorbée de rayonnement ionisant dans un échantillon provenant d’un patient,
ledit procédé comprenant (a) mesurer les taux d’une pluralité de biomarqueurs dans ledit échantillon ; (b) appliquer,
par un processeur, un algorithme pour évaluer ladite dose absorbée chez ledit patient, sur la base desdits taux de
ladite pluralité de biomarqueurs dans ledit échantillon ; dans lequel ladite pluralité de biomarqueurs comprend
l’antigène de lymphocyte B CD20, le ligand de tyrosine kinase de type FMS 3 (Flt-3L), le marqueur d’activation des
neutrophiles CD177, l’interleukine 12 (IL-12), la thrombopoïétine (TPO) et l’amylase salivaire (AMY).

15. Procédé selon la revendication 14, dans lequel ledit algorithme quantifie une dose absorbée de rayonnement ionisant
dans la plage de 1 à 10 Gy.
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外部链接 Espacenet

摘要(译)

本发明涉及一种分析样品中外周血白细胞状态的方法，该方法包括：
（a）测量样品中多种血液学替代生物标志物的水平，所述多种生物标志
物包括淋巴细胞表面标志物，嗜中性白细胞表面 标记及其组合； （b）
将所述样品中所述生物标志物的所述水平与正常对照样品中所述生物标
志物的水平进行比较； （c）根据所述比较步骤（b）确定所述外周血白
细胞状态。 本发明还涉及一种在其上存储有计算机程序的计算机可读介
质，该计算机程序在由可操作地连接至分析系统的计算机系统执行时，
该分析系统被配置为测量患者样品中多种生物标志物的水平。
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