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ORIGINAL ARTICLE

Development of a biodosimeter for radiation triage using novel blood protein
biomarker panels in humans and non-human primates

Robert P. Baloga, Rowena Bachera, Polly Changa, Michael Greensteina, Songeeta Jammalamadakaa, Harold
Javitza, Susan J. Knoxb, Shirley Leea, Hua Lina, Thomas Shalera, Lei Shurab, Paul Steina, Kathryn Todda and
David E. Coopera

aSRI International, Menlo Park, CA, USA; bDepartment of Radiation Oncology, Stanford University, Stanford, CA, USA

ABSTRACT
Purpose: In a significant nuclear event, hundreds of thousands of individuals will require rapid triage
for absorbed radiation to ensure effective medical treatment and efficient use of medical resources.
We are developing a rapid screening method to assess whether an individual received an absorbed
dose of �2Gy based on the analysis of a specific panel of blood proteins in a fingerstick
blood sample.
Materials and methods: We studied a data set of 1051 human blood samples obtained from radio-
therapy patients, normal healthy individuals, and several special population groups. We compared the
findings in humans with those from irradiation studies in non-human primates (NHPs).
Results: We identified a panel of three protein biomarkers, salivary alpha amylase (AMY1), Flt3 ligand
(FLT3L), and monocyte chemotactic protein 1 (MCP1), which are upregulated in human patients receiv-
ing fractionated doses of total body irradiation (TBI) therapy as a treatment for cancer. These proteins
exhibited a similar radiation response in NHPs after single acute or fractionated doses of ioniz-
ing radiation.
Conclusion: Our work provides confidence in this biomarker panel for biodosimetry triage using fin-
gerstick blood samples and in the use of NHPs as a model for irradiated humans.
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Introduction

The Biomedical Advanced Research and Development
Authority (BARDA) is tasked with developing a point-of-care
(POC) radiation biodosimeter that can be used to triage
potentially exposed individuals following radiological and
nuclear events. Modeling studies performed at the Lawrence
Livermore National Laboratory (Buddemeier 2011, 2015) indi-
cate that up to one million individuals will need to be triaged
following a 10 kt nuclear event in either NYC or WDC. Such a
triage device must be capable of distinguishing between
absorbed doses of <2Gy and �2Gy, have high classification
accuracy for samples obtained in the 1- to 7-d post-exposure
time window, perform comparably across the US demographic
range for all age groups, and not be confounded by common
medical conditions prevalent in the US population or special
population groups designated by the Department of Health
and Human Services (DHHS). Additionally, the device should
be operable by minimally trained individuals and provide a
result in about 30min from a fingerstick blood sample.

SRI International (SRI) is working to develop a POC bio-
dosimeter capable of meeting these requirements. Our basic
approach is to use a set of host-response plasma proteins that
are indicative of exposure to ionizing radiation at or above a
threshold level (which is 2Gy in humans but likely different in

an animal model). In a companion paper (Balog et al. 2018), we
described results from three large-scale non-human primate
(NHP) studies and identified a panel of protein biomarkers that
are significantly elevated in NHPs in response to acute
absorbed doses of ionizing radiation. These biomarkers
included alpha-1-antichymotrypsin (AACT), alpha amylase
(AMY), Fms-related tyrosine kinase 3 ligand (FLT3L), and mono-
cyte chemotactic protein 1 (MCP1). We demonstrated this panel
of biomarkers can classify a large data set of NHP blood plasma
samples with high accuracy, and the baseline levels of these
markers and subsequent levels following significant absorbed
doses of radiation can be detected using a simple lateral flow
test suitable for use in a POC device. An earlier paper (Bazan
et al. 2014) discussed some of our initial work on proteins as
useful radiation biomarkers in humans based on initial observa-
tions in patients undergoing radiotherapy. The current paper
presents additional results from those patients and others in
special population groups, compares results with those
observed in NHPs, and identifies a specific panel of proteins
useful for radiation biodosimetry. Here we show three bio-
markers AMY1, FLT3L, and MCP1 are significantly upregulated
in human radiotherapy patients receiving fractionated doses of
ionizing radiation administered over a period of several days.

These three markers have all been previously reported in
the literature in the context of radiation injury. Salivary alpha
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amylase (AMY1) is highly expressed in the salivary gland and
known to be indicative of radiation injury to the parotid gland
(Kishima et al. 1965). The rise in AMY1 from irradiation of saliv-
ary tissue provides a unique biochemical measure of early radi-
ation effect in normal tissue (Guipaud and Benderitter 2009).
Indeed, the post-irradiation increase in AMY1 is a good criter-
ion for triage of accidentally irradiated patients and may be
used as a biological dosimeter (Citrin et al. 2012) as well as in
radiotherapy patients receiving total body irradiation (Barrett
et al. 1982; Junglee et al. 1986). Early changes in salivary gland
function are similarly marked in patients receiving either accel-
erated radiotherapy or conventional fractionated radiation
treatment for some head and neck cancers (Guipaud and
Benderitter 2009; Leslie and Dische 1992).

FLT3L is a hematopoietic cytokine that works in synergy
with other growth factors to stimulate the proliferation and
differentiation of various blood cell progenitors. Plasma
FLT3L concentrations during the first 5 d of radiation therapy
directly correlate with the radiation dose in an NHP model
(Bertho et al. 2001). For patients receiving radio-immunother-
apy, the FLT3L-adjusted red marrow radiation dose correlates
with hematologic toxicity, and FLT3L is expressed following
radiation-induced injury to the bone marrow (Kenins et al.
2008). Levels of FLT3L correlate with the severity of damage
to major organ systems in victims accidentally exposed to
ionizing radiation (Bertho et al. 2008, 2009).

MCP1 is a potent chemotactic factor for monocytes and is
produced by a variety of cell types, either constitutively, or after
induction by oxidative stress; it has been demonstrated to
recruit monocytes into foci of active inflammation from infec-
tious diseases (e.g. tuberculosis), rheumatologic diseases (e.g.
rheumatoid arthritis), and cancers (e.g. breast cancer)
(Deshmane et al. 2010). MCP1 levels have been observed in
patients with non-small cell lung cancer (NSCLC) treated with
radiation (60Gy in 30 fractions over 6 weeks). The mean lung
radiation dose correlated with a reduction in plasma levels of
MCP1 1h after irradiation. However, MCP1 concentrations at 4
weeks were increased in patients with severe pulmonary toxicity
compared to those without severe toxicity (Siva et al. 2014).
Ionizing radiation induced the expression of MCP1 in meningi-
oma cell lines (Nalla et al. 2011), rat liver cells (Moriconi et al.
2008), and human lung endothelial cells (Gaugler et al. 2005).

Using a percentile classification algorithm described
below, we used our panel of three biomarkers (AMY1, FLT3L,
and MCP1) to classify a data set consisting of 1051 human
samples with an accuracy of 92%, a sensitivity of 90%, and a
specificity of 93%. This human data set consists of samples
obtained from normal healthy individuals, several special
population groups, and human radiotherapy patients who
received fractionated doses of total body radiation. We also
show the marker response in patients undergoing radiother-
apy is similar to that observed in radiation-exposed NHPs.

Materials and methods

Human clinical studies

All human samples used in the present study were obtained
with informed consent under an appropriate Institutional

Review Board (IRB)-approved protocol. Samples from radiother-
apy patients, individuals with traumatic injuries and infections,
and healthy donors were obtained at the Stanford University
Medical Center (SUMC). Samples from healthy donors and
patients in several special population groups (i.e. those who
were diabetic, obese, pregnant, or had compromised immune
systems or rheumatoid arthritis) were obtained commercially
from Bioreclamation. Samples from burn patients were
obtained at the UC Davis Medical Center (UCDMC), and add-
itional samples from immunocompromised patients were
obtained from the Duke University Medical Center.

Radiotherapy patients

These patients were typically between 18 and 65 years old
and undergoing treatment for leukemia or lymphoma.
Patients were excluded from the study if they had received
any chemotherapy within 21 d of radiation treatment or any
prior radiation treatment. The most common treatment plan
for patients undergoing total body irradiation (TBI) at the
SUMC includes three doses of 1.2 Gy/day, with each dose
separated by �3 h for a period of 4 d. The TBI was delivered
via 15-MV photons with two equally weighted beams (anteri-
or–posterior/posterior–anterior) at a dosage rate of
0.13–0.17Gy/min. Custom-tailored blocks were designed for
each patient to provide 50% shielding of the lungs from
X-rays. The bone marrow under the lung blocks then
received an additional boost of radiation with 15-MV elec-
trons. The electron energy was selected to deliver radiation
to the depth of the chest wall, with as little as possible to
the underlying heart and lungs.

A total of 232 samples were collected from 65 patients.
The TBI blood samples were collected from all 65 patients
(35M/30F) before treatment on day 1, from 60 of the
patients (32M/28F) before treatment on day 2 (after three
fractions totaling 3.6 Gy), from 60 of the patients (31M/29F)
on day 3 (after six fractions totaling 7.2 Gy), and from 47 of
the patients (24M/23F) on day 4 (after nine fractions total-
ing 10.8 Gy).

Control and special population groups

Samples were collected from both control and special popu-
lation groups. The control group consisted of 272 (155M/
117F) samples from healthy donors and included samples
from 154 adults (age range 22–65 years), 61 adolescents (age
range 12–21 years), and 57 geriatrics (age range >65 years).
These samples were obtained from both SUMC and
Bioreclamation and covered a demographic distribution rep-
resentative of the US.

Additional blood samples were purchased from
Bioreclamation and included 96 (50M/50F) type II diabetics,
88 (50M/38F) obese patients (BMI >30), 100 pregnant
women, and 89 (44M/45F) rheumatoid arthritis patients.
Blood samples from 53 (39M/14F) individuals with traumatic
injuries and 61 (19M/42F) with mild infections were collected
by SUMC. These individuals had experienced bone breaks,
lacerations, knife and bullet wounds, or had upper
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respiratory infections. Samples from 12 immunocompromised
individuals (CD4 counts <200) were obtained from both
Bioreclamation and Duke. A total of 48 samples obtained
from 10 (9M/1F) burn patients were collected at multiple
time points over a period of 1–7 d following admission to
the UCDMC. Burn patients were included in the study pro-
vided they were 18 years or older and had no admission
diagnosis other than a burn injury that included greater than
or equal to 10% of total body surface area but less than or
equal to 30%. All samples collected from these special popu-
lation groups were collected at unspecified time points
within each given clinical condition.

Blood collection

Venous blood was collected using a single BDTM P100 Blood
Collection System for preservation of plasma proteins. Each
tube was collected to the full 8-mL volume, inverted 8–10
times to thoroughly mix the P100 anticoagulant, and then
placed inside a Ziploc bag on a layer of wet ice inside a
Styrofoam container. Each P100 tube containing blood was
centrifuged at 1600 g for 30min. Using a 1000-ll micro
pipettor with appropriately sized tips, 500-ll aliquots of
plasma were transferred from the top layer in the P100 tubes
into the appropriate number of individual screw-cap 1.5-mL
microcentrifuge tubes. These aliquot tubes were stored at
�80 �C until they were shipped on dry ice to SRI. All received
samples were stored at �80 �C until analysis by mass spec-
troscopy or immunoassay. To minimize the effect of freeze-
thaw cycles for analysis, samples typically were frozen for
several months before analysis and underwent a single
freeze-thaw cycle. An analysis in our laboratory of the effect
of freeze-thaw cycles on analytical performance of our
immunoassay demonstrated that samples remained stable
for at least five freeze-thaw cycles. Also, plasma calibration
samples stored for many months at �80 �C remained stable.

NHP studies

The NHP (Macaca mulatta) samples were obtained from sev-
eral different irradiation studies as described in more detail
elsewhere (Balog et al. 2018). These consisted of three large
acute TBI exposure studies performed at CitoxLab (Montreal,
Canada) and Lovelace Biomedical and Environmental
Research Institute (LBERI) (Albuquerque, NM). The total NHP
acute exposure sample set obtained from all three studies
consists of 895 samples from healthy (baseline) NHPs as well
as those receiving absorbed doses of radiation in the range
of 1–10Gy in whom blood was collected on days 1–7 following
exposure. Each dose group contained 10 (5M/5F) animals
(aged �4 years). The use of animals and the study protocols
were approved by the Institutional Animal Care and Use
Committee (IACUC) in all participating institutes and by
the sponsor.

Two other NHP irradiation studies were conducted at
LBERI that included both acute and fractionated exposures.
Animals received either single acute, double, or triple fractio-
nated doses of 6-MV X-rays from a Varian 600c LINAC at a

dose rate of 0.5–0.8 Gy/min. The single acute dose irradiation
was delivered in a bilateral scheme with half of the dose to
each of the left and right lateral sides. Fractionated doses
were administered to a single side of each animal, and the
side was alternated between doses.

The two fractionated dosing schemes were used to mimic
common human TBI protocols. Each fractionated dosing
scheme used 12 animals (6M/6F). In the first scheme, two
1.5 Gy dose fractions were administered per day; in the
second scheme, three 1.2 Gy dose fractions were given per
day. The dose fractions were administered on four consecu-
tive days beginning on day 0 resulting in total cumulative
doses of either 3, 6, 9, and 12Gy or 3.6, 7.2, 10.8, and
13.2 Gy on days 1, 2, 3, and 4 for the double and triple frac-
tionated dose schemes, respectively. Blood samples were col-
lected from each animal on days �3, 1, 2, 3, 4, and 7 with
collection times corresponding to cumulative doses of 0 Gy
(day �3), 3 Gy (day 1), 6 Gy (day 2), 9 Gy (day 3), and 12Gy
(days 4 and 7) in the animals receiving double fractionated
doses and cumulative doses of 0Gy (day �3), 3.6 Gy (day 1),
7.2 Gy (day 2), 10.8 Gy (day 3), and 13.2 Gy (days 4 and 7) in
the animals receiving triple fractionated doses. The single
acute exposure groups in this study consisted of 3 animals
(2F/1M) receiving a single dose of 12Gy and 4 animals (2M/
2F) receiving a single dose of 13.2 Gy.

In the second study, two groups of eight animals (4M/4F)
received a single acute dose of either 3 Gy or 3.6 Gy and an
additional two groups of eight animals (4M/4F) received
doses of 3 Gy or 3.6 Gy administered in two fractions of
1.5 Gy or three fractions of 1.2 Gy. All animals were irradiated
on day 0 and blood samples were collected from each ani-
mal days -3, and days 1, 2, 3, 4, and 7 post-irradiation.

Immunoassays

Immunoassays were performed in duplicate with a conven-
tional enzyme-linked immunosorbent assay (ELISA) in a sand-
wich format on the human samples for six different protein
targets – AACT, AMY1, FLT3L, IL15, MCP1, and NGAL – using
commercially available kits. Each assay plate included one or
more plasma sample standards to evaluate assay variability.
For all assays, the inter-plate coefficients of variation (CVs)
ranged from 2.3% to 14%.

As described elsewhere (Balog et al. 2018), immunoassays
conducted on the NHP samples were performed in duplicate
with conventional ELISA in a sandwich format for the same
six protein targets as for the human samples. Each assay
plate included one or more plasma sample standards to
evaluate assay variability. For all NHP assays, the inter-plate
CVs ranged from 3.6% to 11.7%, with an average CV of 10%.

Statistical methods

We analyzed the data using the comprehensive statistical
analysis package known as R, which is available as freeware
and widely used within the biostatistics community, the
Matlab Statistics toolpack, and the Stata statistical and data
analysis software. Initial data processing consisted of reading
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in the raw data files produced by the ELISA instrument and
preparing a master data file consisting of Excel spreadsheets
of the data for each protein for each plasma sample.
Standard analyses included preparing boxplots, histograms,
assay CVs, correlation tables, and fold-change plots for each
protein. Most analyses were performed on log-transformed
data because it was more normally distributed than the
untransformed data. Both paired and unpaired t-tests were
performed as well as linear regressions to identify proteins
that changed significantly from baseline as a result of irradi-
ation. Data sets were classified using several supervised clas-
sifiers that included logistic regression, support vector
machine, and conditional inference trees.

We also used a new classification method developed at
SRI, which we refer to as the percentile classification algorithm
(PCA). Although results were similar using all of the classifiers,
the percentile classification approach compares the biomarker
concentration from an unknown sample against the distribu-
tion of concentrations for normal individuals for that bio-
marker. The result of this comparison is a value p, which is
the proportion of normal healthy subjects that have a bio-
marker concentration greater than that measured in the
unknown sample. We call this value the “upper tail proba-
bility” for the biomarker of the unknown sample. This process
is repeated for all biomarkers in a panel, and a test statistic
(TS) is obtained by summing –ln(p) for each biomarker.

The TS value obtained from the unknown sample is then
compared against a threshold value to determine whether the
test result is positive or negative. The threshold value for the
TS was obtained from observations of normal individuals not
exposed to radiation and set to yield a false-positive rate (FPR)
of 5% (or equivalently, 95% of normals have a TS that lies
below this threshold). Empirically, we find this works well for
both our human and NHP data sets, and it can be varied if
one desires to have a lower false-negative rate (FNR) at the
expense of a higher FPR. This is similar to Fisher’s method of
combining probabilities (Fisher 1925) and offers several advan-
tages for our application using a panel of biomarkers: (1) it is
based only on the distribution of normals, so no data from irra-
diated individuals or animals is required; (2) it is scalable from
a single biomarker to many biomarkers; (3) for normalized and
standardized data sets, the algorithm is species independent
for humans and NHPs; and (4) there are no assumptions
regarding dose equivalence between humans and NHPs. In our
analyses, all data were first log-transformed and then the mean
and standard deviation for each transformed protein were cal-
culated for normal healthy subjects. Our data sets were then
standardized by subtracting the mean concentration for nor-
mals from each measured value for each protein and dividing
by the standard deviation for normals. This procedure was per-
formed separately for each species. Results from these analyses
are presented in the following sections.

Results

Immunoassay

Figure 1 shows the boxplots for the human data sets for the
proteins AACT, AMY1, FLT3L, IL15, MCP1, and NGAL for the

control, special population, and TBI groups (for non-standar-
dized, non-normalized data). Due to the relatively large vari-
ation in protein concentrations, the log10 of the protein
concentration (in ng/mL) is plotted.

We also conducted t-test comparisons of the various
human confounder groups against the control group using
the ELISA data obtained from analysis of human plasma sam-
ples (Table 1). For each group, the table shows whether a
protein of interest is higher (red up-arrow) or lower (green
down-arrow) as compared to the controls. A red or green
arrow indicates the p-value is less than 0.05 and, therefore,
likely to be statistically significant. To correct for multiple
comparisons, we applied the Bonferroni correction factor to
each p-value to ensure there was no more than a 5% prob-
ability of any false statistically significant results across all
tests. Although for any given protein there are differences
between some of the special population groups and con-
trols, none of the special groups exhibited a pattern for the
five proteins of interest (AACT, AMY1, FLT3L, NGAL, and
MCP1) that was similar to that observed in the radiotherapy
patients. Table 2 lists the mean plasma concentrations (in
ng/mL) and the 95% confidence intervals for each human
subgroup for the proteins AMY1, FLT3L, MCP1, AACT, NGAL,
and IL15 as measured by ELISA. The red boxes in the table
highlight the mean concentrations observed in the human
radiotherapy patients for each biomarker. For the markers
AMY1, FLT3L, and MCP1, we observed mean values that
increased with absorbed radiation dose in these patients. No
significant change was observed for AACT, the NGAL levels
dropped, and the boxplot for IL15 shows a slight increase
with increasing absorbed dose.

For AACT, the boxplot in Figure 1 indicates this protein is
not radiation responsive in human TBI patients because there
was no significant change in the levels of this protein com-
pared to controls. Conversely, in NHPs AACT appeared to be
strongly radiation responsive and increased with increasing
absorbed dose (Balog et al. 2018). It is not clear why the
radiation response of the AACT is so different between the
human TBI patients and NHPs. The AACT levels in the trauma
and burn patient groups increased relative to the control
group. The t-test results in Table 1 and the mean plasma
concentrations in Table 2 reflect these results. The levels of
AACT in the TBI patients were not statistically significantly
different from levels in the control group. The trauma and
burn subgroup p-values were statistically significant.

The mean AMY1 levels in the TBI patient subgroup were
significantly increased relative to controls and same-subject
exposure before radiation. No clinical evidence of parotitis
was observed in the TBI patients indicating that the
increased plasma levels of AMY1 were due to radiation dam-
age to the parotid gland rather than radiation-induced
inflammation. The AMY1 levels increased significantly above
baseline (p values < .0001) and dropped at the highest dose
(although were still well above baseline). The t-test results in
Table 1 show several other subgroups (pregnant women,
and those with rheumatoid arthritis) had mild AMY1 level
elevations relative to the controls. However, as can be seen
in the boxplot and in Table 2, these elevations were far
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below those observed in the post-exposure radiotherapy
patients. The AMY1 levels in burn and pre-exposure TBI
patients were lower than those observed in the controls.

The FLT3L boxplots of post-exposure TBI patients show
their plasma levels were significantly more elevated than in
controls, and the levels increased with increasing dose and
an increasing timepoint following exposure. The FLT3L levels
in those in other subgroups were comparable to controls
(see t-test table, Table 1). The post-exposure TBI patients

exhibited elevated FLT3L levels relative to the controls
(p< .0001). The low FLT3L levels observed in the burn and
trauma patients were statistically significant (p< .0001) com-
pared to healthy human controls. The elevated levels of
FLT3L observed in the diabetic and arthritic individuals were
well below that observed in the post-exposure TBI patients
(Table 2).

The MCP1 levels increased with absorbed dose in the TBI
patients versus controls (p< .0001). Some samples from the

Figure 1. Boxplots for human data sets for AACT, AMY1, FLT3L, IL15, MCP1, and NGAL. The horizontal scale for all plots in the log10 of the measured plasma
concentration in ng/mL. The TBI data was obtained from radiotherapy patients who had received three dose fractions of 1.2 Gy per day administered over three
consecutive days. Individuals were irradiated on day 0 and whole blood samples were collected on days 0, 1, 2, and 3 at which time the patients had received
cumulative doses of 0, 3.6, 7.2, and 10.8 Gy.
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other subgroups exhibited levels comparable with the con-
trol group; however, in those with diabetes or rheumatoid
arthritis, MCP1 levels were well below those observed in the
TBI patients (Table 2). Pregnant women had MCP1 levels
below those observed in the controls. Before radiation, MCP1
levels were elevated in the TBI patients relative to the con-
trols (p¼ .03) (Table 2); following TBI, their mean MCP1
plasma concentrations were well above baseline levels.

We have IL15 levels for only about half the number of
individuals in each subgroup (and no IL15 data for those
who had burns or were immunocompromised); the boxplot
shows plasma levels increased slightly in the post-exposure
TBI patients, but t-test results indicate no statistically signifi-
cant differences between the TBI post-exposure subgroup
and the controls. Conversely, in NHPs, the IL15 levels were
strongly radiation responsive and increased with higher
absorbed doses (Balog et al. 2018). Again, it is not clear why
the radiation response of this marker is different in humans
and NHPs.

The boxplot shows plasma levels of NGAL decreased with
radiation exposure. The t-test results confirmed this and
showed samples from subgroups of those who had burns,
were diabetic, pregnant, or had rheumatoid arthritis all
exhibited elevated levels of NGAL relative to the controls.

Three proteins, AMY1, FLT3L, and MCP1, provided a
unique descriptor of radiation exposure in human TBI
patients (Table 1) and were significantly elevated in response
to absorbed doses of radiation (except in patients with
rheumatoid arthritis, in whom these markers appear to be
elevated relative to controls); thus, our classifier exhibits a
higher FPR in these subjects than in controls). Inclusion of
either IL15 or NGAL or both in our panel does not improve
our classification results. Furthermore, both IL15 and NGAL
are more challenging to measure at clinically relevant levels
than the markers in our panel.

Table 2 provides some insight into the natural variability
of each of our protein markers in the normal and special
population groups and how this variability compares with
the observed increases in the levels of these proteins in

Table 1. t-Test results from the human data sets.

GROUP
versus
CTRL AACT AMY1 FLT3L MCP1 NGAL IL15

BURN "(<1e-4) #(<1e-4) #(<1e-4) — "(.007)
DIEB — — "(<1e-4) "(<1e-4) "(<1e-4) —
MINF — — — — — —
OBES — — — — — —
PREG — "(.002) "(<1e-4) #(<1e-4) "(<1e-4) —
RA — "(<1e-4) "(<1e-4) "(.005) "(.009) —
TRA "(<1e-4) — #(<1e-4) — — —
TBI-Pre — #(<1e-4) — "(.03) — —
TBI-D1Ds3.6 — "(<1e-4) "(<1e-4) "(<1e-4) — —
TBI-D2Ds7.2 — "(<1e-4) "(<1e-4) "(<1e-4) #(<1e-4) —
TBI-D3Ds10.8 — "(<1e-4) "(<1e-4) "(<1e-4) #(<1e-4) —

Arrows indicate the resulting p value was statistically significant (<.05). Red
and green arrows indicate protein levels are higher or lower relative to the
control group. The numbers in parentheses are the resulting p values. The
results were obtained on log10 transformed data using the Bonferroni correc-
tion for multiple comparisons. The TBI results are separated into subsets
denoted by time point and total dose. For example, d1ds360 means day 1
samples with total cumulative dose of 3.6 Gy.
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human TBI patients. As can be seen from the table, there is
almost no overlap between the 95% confidence intervals for
human TBI patients receiving a 3.6 Gy fractionated dose and
the various non-irradiated human subgroups. For AMY1, the
lower confidence bound (LCB) for the TBI patients given
3.6 Gy is 11� higher than the upper confidence bound (UCB)
for human normals and 2.7� higher than the UCB for RA
patients, who have the largest UCB of all the non-irradiated
subgroups. For both MCP1 and FLT3l, the LCBs lie well above
the UCBs for human normals and at or just above the UCBs
for most of the other non-irradiated subgroups. FLT3L, in
particular, shows a slight overlap in patients with mild infec-
tions, RA, and those who were immune-compromised.

Comparison of human and NHP data

Fold-change comparison for similar fractionated dosing
The plasma concentrations of the three biomarkers, AMY1,
FLT3L, and MCP1, were upregulated in both humans and

NHPs in response to ionizing radiation and generally
increased with increasing cumulative absorbed dose. As
mentioned previously, the AACT was upregulated in radi-
ation-exposed NHPs but not in human TBI patients. Figure 2
compares the fold changes measured in human TBI patients
and NHPs for these three proteins. The NHP fold changes
were obtained from a study we performed in which the
NHPs received the same fractionated dosing as the human
TBI patients – namely three 1.2-Gy fractions per day for three
consecutive days beginning on day 0 with sample collections
on days 1, 2, and 3 following cumulative absorbed doses of
3.6, 7.2, and 10.8 Gy, respectively. In evaluating these data, it
is important to note that cumulative dose and collection
timepoint are not independent but confounded, that is the
cumulative absorbed dose at each collection timepoint is dif-
ferent due to the fractionated protocol and therefore it is
not possible from these data to determine the temporal kin-
etics of these biomarkers. For similar fractionated dosing pro-
tocols, the fold-change patterns were similar in both species
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Figure 2. Fold-change plots for human TBI patients (top) and NHPs (bottom) for the four protein markers AMY1, AACT, FLT3L, and MCP1 following identical fractio-
nated dosing of 1.2 Gy administered 3� per day. Samples collected on days 1, 2, and 3 were from subjects who received cumulative doses of 3.6, 7.2, and 10.8 Gy
administered on the previous days. The error bars are ±1 SEM.
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for both FLT3L and MCP1 although the magnitudes were dif-
ferent. For MCP1, the observed fold change is �3� higher in
NHPs than in humans. For FLT3L, the fold changes were
comparable. For AMY, the kinetics appear to be different
beyond the first day post-exposure and the fold change is
significantly (5�–15�) higher in humans. Currently, we do
not understand why, under a fractionated dosing schedule,
the behavior of AMY1 appears to be different in NHPs and
humans. As shown in the figure, human subjects show a
stronger elevation in AMY1 levels as compared to NHPs, indi-
cating this may be a better marker in humans rather than
NHPs. Alpha amylase expression in NHPs may not be tissue
specific as in humans – in NHPs it appears that alpha amyl-
ase is secreted by both the pancreas and the salivary glands
and baseline levels are 10� higher than in humans.
Although it appears from the graphs that AMY1 does not
increase with dose, this is because the fractionated dosing
schedule confounds dose and collection time. In NHP studies
in which a single acute dose is administered (Balog et al.
2018), AMY levels do in fact increase with increasing dose,
but AMY levels rapidly decrease back to baseline levels
within 1 or 2 d.

Our classification algorithm does not rely on fold changes.
Rather it computes the probability, p, that a normal subject
would have plasma concentrations for each marker that are

larger than the values observed in an unknown sample, and
then sums up the logarithms of the p values. Therefore, the
algorithm is not particularly sensitive to the magnitudes of
the fold changes provided they are larger than the natural
variations in biomarker concentration. Thus, we find our clas-
sifier works equally well for both NHPs and humans irre-
spective of the differences in fold change and kinetics
between the two species.

NHP acute/fractionated dosing comparison

t-Test comparisons of the biomarker levels of interest in
NHPs following an acute cumulative dose administered on a
single day versus the same total fractionated dose (Figure 3)
were not statistically significantly different. A permutation
test, in which 1000 iterations assigned animals randomly to
various exposure groups, was also performed and confirmed
the t-test results. However, there were only eight animals
(4M/4F) in each dose group, and this result should be con-
sidered preliminary. Future studies comparing fractionated
and acute dosing protocols should contain sufficient add-
itional animals to place an acceptable lower bound on the
sensitivity and specificity of the assay.

Figure 3. Fold-change plots for AMY1, FLT3L, and MCP1 in NHPs receiving single acute doses of 3 Gy and 3.6 Gy and double and triple fractionated doses of 3 Gy
and 3.6 Gy. The differences observed between fractionated and acute dosing on each day were not statistically significant.
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Classification of human data sets

Table 3 shows the percentage of observations classified as
positive using our three-biomarker panel and percentile clas-
sification algorithm. At baseline, the FPR was 4.8% in nor-
mals. Overall, the FPR was 7.4%, and this includes those in
the special population groups, which are over-represented in
this study compared with the US population. Observed error
rates were slightly higher than baseline rates for individuals

with diabetes (9.4%) and obesity (6.8%) and significantly
higher for those with rheumatoid arthritis (21.3%) or who
had mild infections (13.1%). Before radiation exposure, TBI
patients had an FPR of 9.2%. Following TBI, the FNRs were
10%, 5%, and 15% for individuals who received cumulative
fractionated doses of 3.6, 7.2, and 10.8 Gy, respectively.

Inclusion of either IL15 or NGAL or both in our panel did
not improve classification accuracy and reduced the sample
set by approximately half because IL15 was only measured
in about half of human samples. Including both proteins in
our panel reduced the data set to 508 samples with an AUC
of 0.995, an FPR of 6.7%, and an FNR of 0%. Classification of
the same 508-sample set with our three-biomarker panel
yielded an AUC of 0.997, an FPR of 5.9%, and an FNR of 0%.

Table 4 summarizes the performance of our classification
scheme and three-biomarker panel on all human subjects.
From the table, we infer an overall sensitivity of 90.4% and a
specificity of 92.6% corresponding to an FNR of 9.6% and an
FPR of 7.4%. The corresponding ROC curve is shown in
Figure 4 (AUC¼ 0.96).

Cumulative distribution functions of human
and NHP data sets

The cumulative distribution function (CDF) is a useful tool for
evaluating and comparing the various human and NHP data
sets. The CDF plots for each protein and the composite sum
for human normals and TBI patients are shown in Figure 5.
In this figure, the AMY1 exhibits the largest shift to the right
from the normal distribution in human TBI patients and
therefore has the strongest radiation response of the three
markers. The MCP1 exhibits the smallest shift from the nor-
mal distribution and therefore has the weakest response of
the three proteins.

Figure 6 shows CDFs of the test statistic (TS) values (sum
of –ln(p)) for human normals, those who received 0, 3.6, and
7.2-Gy fractionated TBI, and the 95% threshold level for the
normal CDF plot. The CDF plot shows increasingly large
shifts to the right for higher exposures. Similar trends were
seen in the equivalent NHP CDF plots.

Comparison of human and NHP CDFs

Figure 7 plots the CDFs for both unexposed humans and
NHPs and human TBI patients and healthy (baseline) NHPs
receiving a total fractionated dose of 3.6 Gy or single acute
doses of 3 and 4Gy. The calculation of the composite bio-
marker CDF was performed independently in humans and
NHPs. The NHP data covers the 1- to 7-d radiation post-
exposure time window; however, the human data is not
averaged over a full 1–7 d because it is based on the specific
TBI therapeutic protocol used in which each cumulative dose
is sampled at only a single time point. The CDFs for baseline
human and NHP data are nearly identical; thus, species-
normalized data inputs yielded comparable results.

As before, the curves shifted to the right with increasing
absorbed radiation dose providing excellent discrimination
between exposed and unexposed subjects for both species.

Table 3. Classification summary using the three-biomarker panel for all
human subgroups.

Group

% Positive (humans)

Dose (Gy)

0
3.6

(day 1)
7.2

(day 2)
10.8

(day 3)

N % N % N % N %

Normals 272 4.8
Burn 48 0.0
Diabetics 96 9.4
Mild infection 61 13.1
Obese 88 6.8
Pregnant 100 4.0
Rheumatoid arthritis 89 21.3
Trauma 53 0.0
Immune compromised 12 0.0
TBI-fract 65 9.2 60 90 60 95 47 85
Total N 884 60 60 47
% Positive 7.4 90 95 85

At absorbed TBI doses �3.6 Gy, a large percentage of the observations are
called as positives. N is the total number of subjects in each subgroup with
the exception of the burn patients (48 samples were obtained from 10
burn patients).

Table 4. Classification results obtained from all human samples using the
three-biomarker panel.

Condition negative Condition positive

Predicted negative 819 16
Predicted positive 65 151
Total 884 167

The corresponding sensitivity and specificity values are 90.4% and 92.6%,
respectively.

Figure 4. The ROC curve for all 1051 human normals, the confounder group,
and TBI patient samples. The vertical and horizontal lines demark 95% sensitiv-
ity and specificity. The total AUC is 0.96 with 95% confidence bounds of 93.6%
and 97.8%.
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The CDFs for 3.6-Gy fractionated doses in NHP and human
subjects receiving TBI are nearly identical, and the CDFs for
the 3- and 4-Gy acute treatments in NHPs nicely bracket the
3.6-Gy curves following fractionated treatments. We conclude
the results of an acute absorbed dose of ionizing radiation in

NHPs are likely predictive of the response in healthy humans
following acute exposure. Changes in our biomarker panel
were similar in humans and NHPs following acute and frac-
tionated radiation exposures.
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Figure 5. The CDF plots for human normals and post-exposure TBI patients for the proteins AMY1, FLT3L, and MCP1. The first three plots are for each individual
protein. The last plot is the distribution obtained using all three proteins.
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Figure 6. A CDF plot of cumulative probability versus the sum of –ln(p) across
all of the biomarkers for human normals and TBI patients exposed to 3.6 and
7.2 Gy. The horizontal line is at the 95% percentile of the cumulative distribu-
tion, and the vertical line intersects the x-axis at the threshold for predicting
whether an observation is from an individual exposed to �2 Gy.

Figure 7. The CDFs for unexposed humans and NHPs, human TBI patients and
healthy NHPs receiving a total fractionated dose of 3.6 Gy, and healthy NHPs
receiving single acute doses of 3 and 4 Gy.
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Discussion

A rapid screening test is needed to guide effective use of
medical resources in the aftermath of a nuclear event. Such
a test will assess exposure and help determine the need for
medical care or further evaluation with a more quantitative
test that assesses actual absorbed dose. Modeling studies
conducted by the US government indicate that hundreds of
thousands to a million individuals will need to be triaged,
and this will be most effectively carried out using a rapid
screening assay.

The present study is directed toward development of
such a rapid screening test. Our test is designed to rapidly
assess whether or not an individual has received an
absorbed dose at or above 2Gy from a fingerstick blood
sample. We note that several accurate gene expression
assays have been developed to determine actual absorbed
dose (Dressman et al. 2007; Port et al. 2018), and these
assays are an important next step to direct more a patient-
specific course of medical treatment. However, it is impracti-
cal to use such tests for rapid screening of a large number
of individuals following a major nuclear event.

Because it is unethical to conduct irradiation studies in
healthy humans, developing biomarkers useful for radiation
biodosimetry must be based on data in humans undergoing
radiation treatment for disease as well as data from animal
models – particularly NHPs. Human radiotherapy patients
have serious blood diseases and have received complex and
profound drug treatments that may affect their responses to
ionizing radiation. Furthermore, their treatment regimens do
not ideally bracket the 2-Gy absorbed dose threshold, they
receive fractionated doses administered over several days,
and their samples are not obtainable over the full 7-d post-
exposure time window of interest. Thus, they are not an
ideal model and yet are the only reliable source of blood
samples from individuals with known radiation exposure and
must be included in studies of radiation biodosimetry.

We have shown three protein biomarkers, AMY1, FLT3L,
and MCP1, are similarly elevated in the blood of both human
radiotherapy patients receiving fractionated doses and in
otherwise healthy NHPs receiving either single acute or frac-
tionated doses of total body radiation.

This panel of three biomarkers can be used in an algorithm
to classify a large human data set that includes radiotherapy
patients, normal healthy individuals, and human subjects from
special population groups (i.e. those with arthritis, diabetes,
obesity, who were pregnant, immune-compromised, or had
burns, traumatic injury, or mild infections) with high accuracy
and relatively low error rates. The fact that these three markers
allowed us to classify radiation exposure in both human and
NHP data sets gives us confidence that the panel will work for
healthy humans exposed to high levels of radiation. Our work
suggests that studies in NHPs provide an excellent model for
the expected radiation response in humans.

While the fold changes between normals and irradiated
humans and NHP are impressive, variability can also be char-
acterized by the degree of overlap of the biomarker distribu-
tions of these different groups, with less overlap being more
desirable. The degree of overlap varies from day to day as Ta
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well as with dose, with some biomarkers having little overlap
in early days and others in later days. The PCA test statistic
uses all three biomarkers on each day so that if any one (or
more) of those biomarkers differ substantially from the distri-
bution in normals, this indication of radiation exposure can
be identified. The most relevant measure of the degree of
overlap is the sensitivity and specificity of the PCA, both of
which are quite high, as summarized in the AUC.

An important question is, to what extent are these markers
confounded by other conditions or diseases. The Qiagen
Ingenuity Pathway Analysis Database provides some helpful
insight. Table 5 provides a listing of potentially confounding
conditions obtained from the Ingenuity Database along with
estimated prevalence (from the Centers for Disease Control
and Prevention, CDC) and fold change for each condition. As
can be seen from the table, in most cases, the condition is
either rare in the general population or the fold change is
much less than that observed in human TBI patients receiving
3.6 Gy of fractionated radiation. Some cases may require fur-
ther investigation; for example, MCP1 levels may be elevated
in individuals with inflammatory bowel disease or hypercholes-
terolemia. Future work will be required to collect relevant data
on such population subgroups.

Conclusions

A radiation biodosimeter that can be used at the point of
care to triage individuals who may have been exposed to
ionizing radiation will have significant impact on the ability
to provide timely and effective medical treatment and
enable efficient use of scarce medical resources following a
major nuclear event. Such a device should be capable of
rapid detection of a panel of biomarkers that are indicative
of absorbed radiation dose and provide a qualitative assess-
ment of whether the individual received an absorbed dose
of �2.0 Gy.

The plasma concentrations of the three radiation-respon-
sive proteins identified in this research are sufficiently high
that baseline levels can be detected using an optimized lat-
eral flow test. Such tests are widely used for point-of-care
diagnostics and would make an excellent assay platform for
radiation exposure triage. In a subsequent paper, we will
describe a device we have developed that can detect these
proteins in a fingerstick blood sample with high accuracy
and reliability.
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