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Device and System to Reconstruct Travel History of an Individual

RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional Application No.
61/031,189, filed February 25, 2008, entitled “Device and System to Reconstruct Travel
History of an Individual using the Stable Isotope Analysis of Breath,” and U.S.
Provisional Application No. 61/036,847, filed March 14, 2008, entitled “Device and
System to Reconstruct Travel History of an Individual,” each of which is incorporated

herein by reference.

BACKGROUND

The stable isotope composition of many materials are known to be useful in
determining the history or geographic origins of those materials. Similarly, the stable
isotope composition of body water and body tissues are commonly used to investigate
movement patterns of humans and animals. For example, isotope ratios in hair, bone and
teeth have been used to identify the location of origin for unknown samples and to track
migration and resource use in modern and ancient human populations. As a result,
samples of tissues such as hair have been used to predict regions of origin for these
samples. There remains, however, a need for more conveniently and efficiently
ascertaining recent travel history of individuals. In particular, ways of quickly obtaining
travel origin information from samples that may be gleaned non-invasively would greatly
forward this art. Such approaches can provide a great benefit to efforts such as forensics

and security.

SUMMARY

Methods and systems for determining travel history can be based on noninvasive
analysis of stable isotope ratios in the body of an individual. A method of reconstructing
a travel history for an individual can comprise collecting a sample of exhaled breath from
the individual; analyzing the sample to obtain a breath isotope ratio for at least one
isotope; transforming the breath isotope ratio to a body water isotope ratio; and
determining a travel origin for the individual by comparing the body water isotope ratio to

a map model correlating input isotope ratios to geographic locations.
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Another general embodiment sets forth a system for reconstructing a travel history

for an individual, comprising a collection device configured to collect a sample of breath
from the individual; an analysis device configured to accept the sample of breath and
provide a measurement of a breath isotope ratio for at least one isotope; and a data
processor configured to accept the measurement from the analysis device. The data
processor is capable of transforming each breath isotope ratio to a body water isotope
ratio and comparing the body water isotope ratio to a map model correlating isotope ratios
to geographic locations so as to determine a travel origin for the individual. An output
device is also associated with the data processor to communicate the calculated travel
origin.

Another general aspect provides a computer readable data storage medium having
computer readable code embodied thereon for determining a travel origin for an
individual based on an isotope ratio for an isotope measured in the breath of the
individual. The code comprises an input routine for receiving isotope ratio data in the
form of breath isotope ratio measurements and a time interval; a transformation routine
for transforming the isotope ratio data into body water isotope ratios, wherein the
transformation routine includes a body water model correlating breath isotope ratio
measurements to body water isotope ratios; and an output routine for comparing the body
water isotope ratio to a map model correlating isotope ratios to geographical locations,

and configured to output the travel origin.

BRIEF DESCRIPTION OF THE DRAWINGS

Additional features and advantages of the invention will be apparent from the
detailed description which follows, taken in conjunction with the accompanying
drawings, which together illustrate, by way of example, features of the invention; and,
wherein:

FIG. 1 shows a box-and-arrow diagram of a steady-state hair keratin model. Box-
arrow model of the important physiological and biochemical factors that influence the
hydrogen and oxygen stable isotope composition of keratin in human hair under steady-
state conditions.

FIG. 2 shows a box-arrow diagram model of the physiological and biochemical

factors that can influence the hydrogen and oxygen stable isotope composition of keratin
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in human hair for persons that may not be in isotopic equilibrium with their current diet

and drinking water.

FIG. 3 is a graph of stable H- and O-isotope ratios for spatial data set tap water
samples. Covariation of 3"H and §'*0 values are in Sector A of the graph. The bold
black line represents the Global Meteoric Water Line. Frequency distributions for the
individual isotope ratios are in Sectors B and C of the graph. White stars show the mean
values for each isotope ratio for the entire data set.

FIG. 4 shows A) comparison between estimated 8'*0,,, with measured 8'°0,,
values from the literature; B) comparison between estimated 8°Hp,, with measured

82H,,, values collected from the literature.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

Reference will now be made to the exemplary embodiments illustrated in the
drawings, and specific language will be used herein to describe the same. It will
nevertheless be understood that no limitation of the scope of the invention is thereby
intended. Alterations and further modifications of the inventive features illustrated
herein, and additional applications of the principles of the inventions as illustrated herein,
which would occur to one skilled in the relevant art and having possession of this
disclosure, are to be considered within the scope of the invention.

It must be noted that, as used in this specification and the appended claims, the

(13 29 <
a

singular forms an,” and “the” include plural referents unless the context clearly
dictates otherwise. Thus, for example, reference to “a sample” includes one or more of
such materials, and reference to a “correlating” step includes reference to one or more of
such steps.

Definitions

In describing and claiming the present invention, the following terminology will
be used in accordance with the definitions set forth below.

As used herein, “substantially” or “substantial” refers to the complete or nearly
complete extent or degree of an action, characteristic, property, state, structure, item, or
result. The exact allowable degree of deviation from absolute completeness may in some
cases depend on the specific context. However, generally speaking, the nearness of

completion will be so as to have the same overall result as if absolute and total

completion were obtained. The use of “substantially” is equally applicable when used in
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a negative connotation to refer to the complete or near complete lack of action,

characteristic, property, state, structure, item, or result.

As used herein, “about” is used to provide flexibility to a numerical range
endpoint by providing that a given value may be “a little above” or “a little below” the
endpoint. The degree of flexibility of this term can be dictated by the particular variable
and would be within the knowledge of those skilled in the art to determine based on
experience and the associated description herein.

Concentrations, amounts, and other numerical data may be expressed or presented
herein in a range format. It is to be understood that such a range format is used merely
for convenience and brevity and thus should be interpreted flexibly to include not only the
numerical values explicitly recited as the limits of the range, but also to include all the
individual numerical values or sub-ranges encompassed within that range as if cach
numerical value and sub-range is explicitly recited.

As an illustration, a numerical range of “about 10 to about 50” should be
interpreted to include not only the explicitly recited values of about 10 to about 50, but
also include individual values and sub-ranges within the indicated range. Thus, included
in this numerical range are individual values such as 20, 30, and 40 and sub-ranges such
as from 10-30, from 20-40, and from 30-50, etc. This same principle applies to ranges
reciting only one numerical value. Furthermore, such an interpretation should apply
regardless of the breadth of the range or the characteristics being described.

As used herein, stable isotope ratios are reported in d-notation as parts per
thousand (%o) deviations from an international standard according to the equation:

s=(r

/R 1)x1000

sample standard

where Rumple 15 the corresponding ratio (H/'H, PC/**C, 180/'°0) of the sample and
Rgandara 18 the isotope ratio of the standard. Isotope fractionation is the difference between
two phases in

equilibrium;
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Qpe = Ry I Re = (1000+5,) /(1000 +5,.)

and isotope enrichment is:

Epe = (0ge —1)x1000

Isotope fractionation at equilibrium are expressed as opc and gac and ap.and . as

isotope difference (non-equilibrium).

Methods and systems for determining travel history can be based on a noninvasive
analysis of stable isotope ratios in the body of an individual. Reconstructing a travel
history for an individual can ascertain the isotope ratios present in the body of the
individual non-invasively by obtaining from said individual a sample, the composition of
which is indicative of the individual’s internal isotopic composition. Another advantage
of using breath samples is that multiple samples may be obtained from one individual
without ill effect. Accordingly, this embodiment can comprise the steps of collecting a
sample of exhaled breath from the individual and analyzing the sample to obtain a breath
isotope ratio for at least one isotope.

The usefulness of sampling isotopes excreted by an individual in tracing travel
histories can be realized in working models of the isotopic composition of water in the
body. Such models allow one to express how isotope composition of excreta can relate to
body water composition, as well as how either of those values can relate to various
sources of isotope intake. The latter consideration in particular provides valuable
information in that such isotope inputs tend to vary with geographic location.

The breath isotope ratio can be transformed to a body water ratio. The correlation
between isotope ratios measured in the breath or any other secretion or excretion to the
isotope ratio of the body water as a whole can be reflected in models relating body water
isotope ratios to various isotope inputs and outputs. An exemplary model for hydrogen
and oxygen isotopes is represented by the box-and-arrow diagram shown in FIG. 1. This
model can be a steady-state model, which assumes that the individual is in equilibrium

with his/her diet and drinking water, and that changes in diet or drinking water sources
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have not occurred during the recent past. As shown in the diagram, there are multiple

inputs and outputs of oxygen and hydrogen to body water that can be incorporated into
the model. Suppliers of hydrogen and/or oxygen include food, free water in food,
hydrogen and oxygen bound in organic food molecules, drinking water, atmospheric
oxygen and atmospheric water vapor. Outputs of hydrogen and/or oxygen include liquid
water in the form of urine and sweat, water vapor loss associated with breathing and
carbon dioxide loss.

In addition to a steady state component, a process for determining travel history
can also benefit from the inclusion of a transient component to deal with the influence of
tissue turnover (primarily muscle and liver tissues) on the isotopic signature of samples.
Tissues are continually degraded and rebuilt within humans. In addition, as a
consequence of moving from one region to another, the hydrogen and oxygen in an
individual's breath sample may not be in immediate isotopic equilibrium with the diet and
drinking water in the new location. During that period of time, both dietary inputs and
muscle and liver tissues may act as sources of oxygen and hydrogen contributing to body
water composition. At the same time, the various tissues draw from the body water
reservoir of isotopes in new growth. These relationships are reflected in the box-and-
arrow diagram shown in FIG. 2. Thus, when individuals move between regions, the
turnover of tissue (liver, muscle, collagen) will, in part, determine the pattern of isotopes
recorded in breath. A non-steady-state model of stable isotope ratios in breath that
incorporates both the influences of dietary input and tissue turnover can contribute to a
more accurate reconstruction of the movements of individuals. A demonstration of the
usefulness of such models has been shown in Podlesak et al., “Turnover of oxygen and
hydrogen isotopes in the body water, CO», hair and enamel of a small mammal after a
change in drinking water,” Geochimica et Cosmochimica Acta, 72:19-35 (2007), which is
incorporated herein by reference.

A model of isotope turnover can be used to account for the time elapsed since an
individual left a particular location, over said time the individual’s isotope composition
has changed in the course of moving toward equilibrium with the present environment.
As aresult of turnover, a measurement of isotope ratios in a breath sample can reflect not
only the individual’s prior location but the changes in their isotope composition arising
from any difference between their prior location and their present one and the time spent

in the latter. Therefore, the present embodiment can include adjusting a breath isotope
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ratio to account for turnover that has occurred since the individual left their last location.

The adjustment value may be reached by employing an appropriate isotope turnover
model in order to determine a rate of turnover. In combination with a known or suspected
time since the individual changed locations, this rate can be used to generate an adjusted
breath isotope ratio measurement that corresponds to the likely body isotope composition
achieved by the individual at the previous location.

In one aspect, this may facilitate extrapolation of a present breath isotope ratio to
that of some time in the recent history of the individual in order to arrive at likely
geographic locations for the individual at that time. In an alternative embodiment, this
approach may be used to corroborate or disprove a travel history attested to by an
individual, in which the adjusted isotope ratio is compared to that which would be
expected in an individual in equilibrium with the attested original location. In accordance
with this embodiment, a sample taken from an individual asserting a particular origin
and/or a particular time can be analyzed to determine one or more isotope ratios for the
person. The isotope ratio may then be adjusted for a travel timing attested to by the
person, and this adjusted ratio can be compared to the estimated ratio for a person in
equilibrium with the attested point of origin. Alternatively, the adjusted ratio can be used
to interrogate a map model of estimated body water ratios and thereby come up with a set
of likely origins, depending on the estimated travel time.

The turnover model may utilize a traditional exponential fit approach based on an
assumption that biological isotope exchange may be described by first-order rate kinetics.
Alternatively, the turnover model may utilize a reaction-progress variable as described in
Cerling et al., “Determining biological tissue turnover using stable isotopes: the reaction
progress variable,” Oecologia 151:175-189 (2007) and Podlesak et al., “Turnover of
oxygen and hydrogen isotopes in the body water, CO2, hair, and enamel of a small
mammal,” Geochimica et Cosmochimica Acta, 72 (2008): 19-35, which are each
incorporated by reference in their entireties.

Determining a travel history based upon an adjusted body water isotope ratio can
further involve correlating the ratio with geographic information. This may be done by
utilizing a model which correlates expected body water isotope ratios with likely
geographic locations from which said ratios would arise. As discussed above, various
sources serve as inputs that contribute to the body water isotope composition of each

individual. Many of these inputs are environmental in nature, and therefore also vary
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with geography as do other environmental variables. Therefore, an important input layer

to a geography-based body water isotope model can be provided by generating a map of
the relevant input. While any potential isotopic inputs may be useful source layers for
such a model, a more predictive model will be based on inputs that constitute larger
contributions to body water composition and/or those that vary latitudinally and
longitudinally. Two such inputs are drinking water and dietary inputs. Drinking water in
particular is amenable to use for these purposes, because it is possible to sample drinking
water sources, such as tap water, across an arca and build a map of isotope ratios.

An exemplary approach according to this embodiment can include obtaining
drinking water samples from a number of locations within a region, e.g., the United
States, and determining the stable isotope ratios of those samples. Any non-randomness
of this data set may be useful in instructing the model. For example, one may find a
pattern in isotope ratios that correlates with geography. In a particular example one may
find a pattern of spatial variation in isotope ratios based on latitude, longitude, elevation,
location relative to bodies of water, or any combination of these. A detailed description
of one such an analysis can be found in Bowen et al., “Stable isotope ratios of tap water in
the contiguous Unites States,” Water Resources Research, vol. 43, W03419 (2007) which
is incorporated herein by reference in it entirety.

Some temporal variation may also exist in isotope sources in addition to the
geographic variation. Where present, this variation can be accounted for when modeling
expected body water composition based on the isotope map. For example, one may
collect water samples from various locations as described above and repeat the sampling
on a regular basis (e.g. weekly, monthly, yearly). Any temporal variability may be used
to further instruct a geographic isotope ratio model, so that the model can be more
accurate regardless of the season in which it is used.

The data generated by sampling provides an empirical framework for a map of
drinking water isotope ratios. However, for a fully predictive map it can be necessary to
involve additional data set for purposes of interpolating geographic areas that have been
sampled sparsely or not at all. For example, a rural region situated between two
developed population centers may not have regular water supplies that are amenable to
sampling. As such, overall patterns of variation in isotope data collected as described
herein may be utilized for such interpolation. Additionally such variations can further be

compared across elements, e.g. hydrogen and oxygen isotopes. For example, a strong
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correlation between tap water isotope ratios and predicted mean annual precipitation

isotope ratios can reveal that local climatological water sources are the dominant control
on tap water isotope ratios. This information can be used to determine which sources are
more reliable for purposes of interpolation in the model. By then summing interpolated
isotope ratios based on these sources with measured differences between tap water and
such sources, a predictive map for measured isotopes can be generated.

Once equipped with an adjusted body water isotope ratio and a map model of
relevant isotopic inputs, a further step in determining a travel origin for an individual can
comprise transforming the adjusted body water isotope ratio to a value for the mapped
isotope input. As discussed above, body water composition can be modeled as the
product of a number of isotopic inputs and outputs, and relevant and predictive inputs are
amenable to combination with spatial information. Accordingly, a model can be
produced that estimates body water isotope ratios for individuals across geography. An
exemplary embodiment includes a geographic information system (GIS) model that
estimates the 3D and 8'*0 of body water for humans across the United States. This
model combines data layers such as the estimated 8D and 5'°O values for tap water and
climatic data layers with the estimated d—values and molar fluxes (») for all influxes and
effluxes of oxygen and hydrogen to predict 8Dy, and 3'*Opy.

To model the isotopic composition of the body water, the isotopic composition
and quantity of each input is known or estimated. Likewise, the quantity of each output
and the fractionation between body water and each output is known or estimated. The
following mass balance equations can be used to estimate Ouw. The isotopic enrichments
are represented as the ratio (R). At steady state conditions, deuterium and O of body
water can be estimated for a one input and one output system using the following
equation:

Xy X Ry = X0 X R, X Oy,

[4]
where x is the molar quantity of the input or output, R is the ratio of the heavy isotope to
the light isotope and oy, is the fractionation between body water and the output.
Equation 4 can be expanded for multiple inputs and outputs and subsequently solved for

Row.
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n
Z xz’n,z’ X Rz’n,z’
i=1

R =
1
PIEIELEY
Jj=1

bw

[5]

For example, by inserting the specific inputs and outputs for deuterium in body

water into the above equation:

XdwRaw + XtwRiw + XvRv + X
(XowlOtbwl + XtV Ol + Xrwl Ol

and for '*O in body water:

wRdw + XtwRtw + XvRv + XwvgRwvg + X02R
RlSObw:(xd dw + XtwRew + X XwvgRuwvg + X02R02) 7]

(Xco20c02 4 XbwiOtbwl + Xt Ottt + Xrwi Qlrwl )

where x is the mole fraction of drinking water (dw), food water (fw), H or O bound in
food (v), water vapor gain (wvg), diatomic O inspired from the atmosphere (O,), breath
water expelled (bwl), transcutaneous water loss (tvl), carbon dioxide expelled to the
atmosphere (CO3), and remaining water loss (rwl). Remaining water loss includes urine,
fecal water and sweat. Remaining water may be assumed to be unfractionated relative to
body water, whereas, transcutaneous water loss, carbon dioxide loss and breath water can
be assumed to be related to body water by fractionation factors, o.

The above equations can be parameterized for a human subject type of interest
(e.g. adult or child; male or female) and then used to build a human body water model for
such a subject. An example of this approach is described further in Example 2. Such
equations can also be entered, together with information based on the geographic area of
interest, into model building software to produce spatial models of the 8°H and 80, or
other relevant isotope ratios, of body water for the geographic area. This allows one to
produce mechanistic models of these ratios for each pixel within a rasterized map of the

geographic area.
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An embodiment of a system for reconstructing a travel history for an individual

can comprise a collection device configured to collect a sample of breath exhaled by the
individual. Such a device may include or be based upon a conventional apparatus used
for collecting breath samples. In a particular embodiment, the device comprises a
structure for collecting exhaled breath directly from the nose or mouth, e.g. a mask, nasal
cannula, or mouthpiece. In an alternate embodiment, the device may include an enclosed
and sealed chamber into which the individual can enter. One or more samples may be
then obtained from the air inside the chamber. Each sample of air can be analyzed
isotopically and also analyzed for water concentration, some of which will come from the
individual’s breath. Contributions of isotopes from the surrounding air can be accounted
for and negated by providing a control sample of the air prior to entry of the individual.
Accordingly, the system can further include an analysis device configured to
accept the sample of breath and provide a measurement of a breath isotope ratio for at
least one isotope. One approach to analysis is to inject the sample into a gas
chromatography column coupled to a mass spectrometer. Another approach involves
using a laser isotope analyzer, in which a laser beam is directed through a sample and the
mixing ratio (or mole fraction) of a gas is determined from the measured absorption using

Beer's Law, which may be expressed:

1 0 _ ,~SLyP4,
7 e [8]
v
where 7, is the transmitted intensity through the sample at frequency v, 1, is the
(reference) laser intensity prior to entering the cell, P is the gas pressure, S is the
absorption line strength of the probed transition, L is the optical path length, y is the

mixing ratio, and ¢, is the lineshape function of the transition at frequency v. In this case,

j d(v)dv =1. [9]
This technique has proven successful in determining gas compositions, even in samples
containing several species of gas, without the need for reference standards or calibration
gases. Accordingly, in a particular embodiment of the present invention, the isotope
composition of the breath is analyzed by laser absorption spectroscopy. The laser can in

turn be coupled to a computer for interpretation of results. One commercial example of a
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suitable laser spectroscopy device is a water-vapor isotope analyzer available from Los

Gatos Research, although other such devices can be suitable.

The system can further comprise a data processor configured to accept the
measurements from the analysis device, either by direct wired connection or remotely by
radio or other wireless connection. The data processor may be further configured to input
the isotope measurement into one or more of the models described herein, and to perform
transformations to the data that facilitate use of the model. In a particular embodiment,
the data processor includes a computer onto which is loaded one or more programs. The
programs may include code that embodies one or more of the isotope ratio models
described herein. In addition, one or more of the programs may include routines for
adjusting or transforming isotope measurements for use in the models. The calculated
travel origin can then be communicated, e.g. visually or audibly, so that the travel history
can be verified or otherwise assessed. A graphical display and/or speaker can readily
serve this display function.

Optionally, statistical confidence intervals regarding a calculated travel history
can be correlated based on the degree of corresponding data and interpolation given a
particular set of sampled isotope ratios from the individual. Similarly, one or more
predicted travel origins may be displayed which have a statistical significance in order to
provide information on which to judge accuracy of assertions made by an individual

regarding their travel history.

EXAMPLES

The following examples illustrate various embodiments of the invention. Thus,
these examples should not be considered as limitations of the present invention, but are
merely in place to teach how to implement the present invention based upon current

experimental data.

Example 1. Building a geographic model of isotope ratios

Five hundred and ten tap water samples for spatial characterization were obtained
from 496 towns and cities within the contiguous United States. Samples were obtained
from each of the 48 contiguous States, with few sampling gaps greater than ~100 km in
radius. Notable exceptions include sparse sampling in eastern Oregon, central Nevada,

central Texas, and eastern Montana. The stable isotope ratios of these samples span a
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large range of values from -152 to +11%o (8°H) and -19.4 to +4.2%o (5'°0). Average

values for the sample set are -66%o for 8°H and -8.9%o for 8'*0. For each element the
data distribution is somewhat bimodal, with a dominant mode similar to the lumped
average and a minor mode near -118%o (82H) and -16%o (8180). The tap water data
cluster near the Global Meteoric Water Line (8°H = 3'°0 x & + 10) characterizing average
global precipitation, but many samples lie below this line. Deuterium excess (d, d = 8°H
— 880 x 8) values for the sample set range from -22.2 to 22.4%., with an average value of
5.5%o.

The spatial distribution of tap water stable isotope ratios is non-random (Moran’s I
=0.68 and 0.59, Z =7.9 and 6.8, p <0.01 for 8°H and 5'°0, respectively). The lowest 8°"H
and 5'°0 values (< -110%o and < -14%o, respectively) occur throughout the northern
Rocky Mountain States (primarily Idaho, Montana, Utah, and Wyoming), and samples
from this region comprise the lower, minor mode of the hydrogen and oxygen isotope
ratio distributions shown in FIG. 3. The highest §°H and §'*0 values for USA tap water
samples (> 0%o for each element) represent samples from a relatively restricted region of
north-central Texas and south-central Oklahoma. Other samples with relatively high
values were obtained throughout the Gulf Coast States. The general pattern of spatial
variation for isotope ratios of each element is one of decreasing values from low-latitude,
low-elevation coastal regions towards inland, high-latitude, and mountainous areas. In
contrast to the H and O isotope ratio values, d values for the USA tap water samples show
no clear, overarching spatial pattern in their distribution, and values of d between 5 and
10%o occur throughout the contiguous United States. Extreme values of d, however,
appear to be limited to certain regions, with the highest d values (> 16%o) found in the
northeastern USA (e.g., New England) and the lowest (< -10%o) concentrated in southern
California and along the lower Colorado River, along the Missouri River, and in north-

central Texas and south-central Oklahoma.

Example 2. Measuring temporal variation in isotope ratios across geographic regions
Five hundred and sixty-eight water samples were collected across the U.S. and

analyzed as a part of a monthly water survey effort. The average isotope ratios and

interannual variability are shown in Table 1. The spatial density of the monthly water

survey sampling sites was much lower than that of the spatial characterization sampling
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sites in Example 1, but the distribution of these sites still encompassed much of the

physiographic and climatological variation present in the lower 48 States.

Table 1: Average isotope ratios and interannual variability for monthly tap water survey.

Average 1o
City State/Province N &°H 5'%0 &°H 5'%0
Lethbridge Alberta 13 -135 -17.3 4 0.6
Tempe AZ 11 -75 94 6 0.7
Tucson AZ 10 -62 -8.3 2 0.1
Tucson AZ 12 -62 -8.2 2 0.2
Berkeley CA 12 -83 -11.4 9 1.3
Buena Park CA 10 -71 9.2 9 0.8
Davis CA 11 -56 -8.0 2 0.2
Davis CA 11 -52 -74 3 0.3
Fullerston CA 12 -77 97 2 0.2
Pasadena CA 12 -65 -8.5 8 0.8
San Diego CA 11 -78 95 4 0.5
San Diego CA 11 -78 95 6 0.7
Boulder CcO 14 -116 -15.4 5 1.1
Coral Gables FL 8 -4 -0.8 1 0.1
Tallahassee FL 13 -1 -1.8 2 0.2
Tallahassee FL 10 -16 2.8 2 0.1
Tallahassee FL 10 -16 29 3 0.2
Athens GA 13 -25 -4.3 2 0.3
Watkinsville GA 12 -28 5.2 2 0.2
Boise ID 12 -129 -16.8 3 0.3
Chicago IL 9 -44 -5.8 2 0.2
Westmont IL 9 -45 58 2 0.2
Evansville IN 12 -50 -7.5 5 1.0
Lawrence KS 13 -28 4.0 7 1.0
Manhattan KS 12 -37 54 2 04
Rockville MD 12 -49 -7.5 3 0.4
Minneapolis MN 11 -58 -7.5 9 1.1
Minneapolis MN 12 -57 -7.4 10 1.2
Wykoff MN 13 -63 9.3 2 0.4
Durham NH 11 -56 -8.5 5 0.9
Albuquerque NM 13 -97 -13.0 1 0.3
Las Vegas NV 13 -97 -11.8 1 0.3
Reno NV 13 -110 -14.7 1 0.1
Reno NV 12 -89 -11.5 9 1.7
Ithaca NY 13 -71 -10.3 8 1.2
Columbus OH 10 -54 -8.0 7 1.3
Eugene OR 12 -75 -10.4 2 0.2
Eugene OR 12 -83 -11.7 3 0.3
Portland OR 13 -69 9.9 4 0.5
University Park PA 13 -60 9.2 1 0.2
Austin TX 11 -17 -2.4 1 0.2
Dallas TX 11 -4 -0.3 6 1.1
Houston TX 13 -12 -2.1 4 0.9
Houston TX 13 -13 2.2 5 1.0
Salt Lake City uT 12 -120 -15.9 2 0.3
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Great Falls VA 12 47 -7.8 1 0.1
Herndon VA 8 -46 -7.3 4 0.6

The isotope ratios of tap water from the monthly sample set range from -144 to +4%o for
8°H (average = -61%o) and from -18.9%o to +1.2%. for '°0 (average = -8.4%o). Annual
average 8°H and 3'°0 values for the monthly sampling locations (calculated as
unweighted averages of the monthly samples) range from -135%o to -4%eo (average = -
60%o0) and from -17.3%o to -0.5%o (average = -8.2%o), respectively. Tests of the mean and
variance of these distributions suggest that the distribution of monthly survey 8°H and
8'%0 values is not statistically different than that of the spatial characterization data set
(F-test for variance, p = 0.49 and 0.51; T-test for means, p = 0.28 and 0.33 for 8°H and
8'%0, respectively). Intra-annual variation in tap water isotope ratios was calculated as
the standard deviation of isotope ratios for the monthly samples, and ranges from 1 to
10%o for 8"H and from 0.1 to 1.7%o for 3'°0. The average lo value across all sites is 4%o
and 0.6%o for °H and §'°0, respectively, or ~2.3% of the range of values measured in the
spatial characterization survey for each element. Inter-annual variation (1) in tap water
d values ranges from 0.9 to 5.4%o, with an average value of 2.2%o, or approximately 5%

of the total range observed for all tap water samples.

Example 3. Building a human body water isotope model

A working example of a model in accordance with an embodiment of the
invention is presented below, based on an adult male and an adult female, each on an
average American diet. There were four spatial models of the §°Hj,, and 8'°Oy,, for the
contiguous United States. The first was for an adult male (V_1), the second for and adult
female (V_2), the third for and adult male with the 8°H and 8'°0 values of food held
constant (V_3), and the fourth for an adult male that drank local precipitation instead of
local tap water (V_4). The following series of equations are used to estimate the molar
quantities and fractionation factors that are subsequently input into equations [6] and [7]

to estimate 82wa and 8180bw for humans.

Determining the molar quantities of inputs
First the Harris-Benedict equations were used to determine a daily total energy

expenditure (P;) for adult males (j=1) and females (j=2):
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P =(c ;+c,;m,+c, ;h—c, ;Y)Acs [10]

where m, is the mass, % is the height, Y is the age and A4 is the activity level of the
individual. Tables 1 and 2 show values and descriptions for all variables and constants

used in equations § through 25.

Table 1: Quantity, symbol, unit, values and literature source used in the 4

parameterizations (V_1', V_2% V_3°,V_4%) of the body water model.

Quantity Symbol  Unit V1 v_2 V3 v_4
S8 my, kg 83 75 83 83
ight h cm 180 164 180 180
:al energy expenditure P kjd' Eq. 10 Eq. 10 Eq. 10 Eq. 10
e Y a 40 40 40 40
tivity level A 1.6 1.6 1.6 1.6
ss of food mg kg Eq. 11 Eq. 11 Eq. 11 Eq. 11
raction efficiency ¢ 1 1 1 1
zestibility y 0.85 0.85 0.85 0.85
ction carbohydrate in diet W, 0.53 0.53 0.53 0.53
ction fat in diet W 0.32 0.32 0.32 0.32
ction protein in diet Wp 0.15 0.15 0.15 0.15
wount of H and O in food m, mol Eq. 12 Eq. 12 Eq. 12 Eq. 12
wount of diatomic oxygen Moz mol Eq. 13 Eq. 13 Eq. 13 Eq. 13
wunt of water in food Mgy mol Eq. 14 Eq. 14 Eq. 14 Eq. 14
ction water content in food Wer 0.65 0.65 0.65 0.65
* flow through lungs Ogir 1 mol™ Eq. 15 Eq. 15 Eq. 15 Eq. 15
wunt of H and O gain in lungs Mg mol Eq. 16 Eq. 16 Eq. 16 Eq. 16
1bient relative humidity H, MRH MRH MRH MRH
1g relative humidity H 1.0 1.0 1.0 1.0
1bient temperature ta °C MAT MAT MAT MAT
1bient thermodynamic temperature Tk K convert convert convert convert
1g temperature ] °C 33 33 33 33
wunt of H and O in drinking water M mol Eq. 17 Eq. 17 Eq. 17 Eq. 17
:al amount of flow of H and O Mgy mol 211.11 183.3 211.11 211.11
wunt of O lost in CO, Mcoz mol Eq. 18 Eq. 18 Eq. 18 Eq. 18
face area S m’ Eq. 19 Eq. 19 Eq. 19 Eq. 19
1ount of H and O lost My mol Eq. 20 Eq. 20 Eq. 20 Eq. 20
wunt of H and O lost through Miywl mol Eq. 21 Eq. 21 Eq. 21 Eq.21
wunt of remaining H and O lost M, mol Eq. 22 Eq. 22 Eq. 22 Eq.22
O diatomic oxygen 8%00: %60 153 15.3 153 153
I drinking water §Haw %0 Tap’ Tap’ Tap’ Precip.’
O drinking water 5%04w %o Tap’ Tap’ Tap’ Precip.’
I food &Hg %o -115 Eq.23

Eq. 23 Eq. 23
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5180fd %o Eq. 23
&Hy,, %o Eq. 24
5180fw %o Eq. 25

PCT/US2009/035118

Eq. 23 32 Eq.23
Eq. 24 Eq. 24 Eq. 24
Eq. 25 Eq. 25 Eq.25

'V_1: Model for an adult male created using estimated 5-values of tap water
2V_2: Model for an adult female created using estimated S-values of tap water
*V_3: Model for an adult male created using estimated S-values of tap water and the &

values of food held constant

*V_4: Model for an adult male created using estimated &-values of precipitation
>Tap represents 8'°0 and 8”H values of local tap water.
SPrecip. Represents estimated 8°H and 8'°0 values of local precipitation.

Table 2: Equation number, value, unit of measure, and source of constants used to predict

&Hyyw and 8Oy, values in body water models V_ 1, V 2%V 3% and V_4°.

Equation Constants Value Unit
Eq. 10 Ci1 66
Eq. 10 [&] 13.8
Eq. 10 C3 1 5.0
Eq. 10 Cq,1 6.8
Eq. 10 Cs 4.1868
Eq. 10 Ci2 655
Eq. 10 C22 9.6
Eq. 10 C32 1.9
Eq. 10 Cq2 4.7
Eq. 11 ks 17.3 kI kg
Eq. 11 ks 39.7 kI kg
Eq. 11 ks 20.1 kI kg
Eq. 12 fi1 30.9 mol kg™
Eq. 12 o 60.0 mol kg™
Eq. 12 fi1 11.0 mol kg™
Eq. 12 f1.2 15.4 mol kg™
Eq. 12 fo2 2.0 mol kg™
Eq. 12 f3.2 3.0 mol kg™
Eq. 13 ks 0.00216 mol 02 kJ™!
Eq. 14 ks 55.56 mol kg™
Eq. 15 ks 22.4 1 mol™
Eq. 15 ky 0.20 % efficiency lungs
Eq. 15 ks 0.21 % O, in atm.
Eq. 16 and 21 ko 10
Eq. 16 and 21 kio 0.686
Eq. 16 and 21 ki 0.027
Eq. 16 and 21 ki» 760
Eq. 18 k13 2.0
Eq. 19 ki4 3600
Eq. 20 ks 0.14 g min"'m™
Eq. 20 kis 18 moles g
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Eq. 23 ais -30° %o
Eq. 23 as -167° %o
Eq. 23 as; -33° %o
Eq. 23 ars 27° %o
Eq. 23 as> 225 %o
Eq. 23 as.; 33° %o
Eq. 24 k17 0.69

Eq. 24 k]g 3.8 %o
Eq. 25 k]g 4.0 %0
Eq. 26 k2o 1158.8

Eq. 26 and 27 kg 107

Eq. 26 k2 1620.1

Eq. 26 and 27 k3 101°

Eq. 26 k24 794.84

Eq. 26 and 27 ks 10"

Eq. 26 ko 161.04

Eq. 26 k7 2.9992

Eq. 27 kgg -7.685

Eq. 27 k2 6.7123

Eq. 27 ko 1.6664

Eq. 27 ks 0.35041

Hydrogen o values  Omwatervapor  Variable
OHtvl-bw 0.935
OftTbwl-bw 0.946

Oxygen o values OOwatervapor ~ Variable
OOtvl-bw 0.981
CObwl-bw 0.991
QOCO2-bw 1.038

'V_1: Model for an adult male created using estimated 5-values of tap water

2V_2: Model for an adult female created using estimated S-values of tap water

*V_3: Model for an adult male created using estimated S-values of tap water and the &
values of food held constant

*V_4: Model for an adult male created using estimated &-values of precipitation
>These values can be modified to increase fit of model to measured values.

The amount of food consumed (1) by the individual to fuel P; was calculated as:

m; = P, J|py (k,w, + kyw; + kyw,)] [11]

where ¢ is the extraction efficiency, y is the digestibility of the diet, w; is the fraction of
carbohydrate in the diet, wr is the fraction of fat in the diet and wy, is the fraction of protein
in the diet (w. + w1 + wp = 1).

Next the amount of H (¢g=1) and O (¢=2) in the mass of food consumed (m,,4) were

calculated as:

mv,q = mf¢}/(j(1,qwc + fZ,qWI + jg,qu) [12]
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Then the amount of O, (mo,) required to fuel the estimated P;:

My, =k, P, [13]
The amount of food water (myw) in the mass of food consumed was determined as:

my, =ksm W [(1-W) [14]
where W is the fraction of water in food.
The air flow through the lungs (0,;:) was calculated as

0, =kgmeg, Ik kg) [15]
The amount of water gain (my,) across the lungs was determined as

Moy = [H k" 0, 1/(kyyk) [16]
where H, is the ambient relative humidity and z, is the ambient temperature. Values of
58% for H, and 17.6°C for 1, were used to develop the model.
The amount of drinking water (mg4w) necessary to balance the daily water budget by using
the total water flow (mwg;) for an individual was calculated as

My, = Myg; — My — M, | =My, [17]
A mean total water flow for an adult male of 3.8 L/day and 3.3 L/day for an adult female

were used.

Determining the molar quantities of outputs
In the next steps the molar quantities of all outputs of hydrogen and oxygen were
calculated. First, the moles of oxygen lost as carbon dioxide (mco2) as
Moy =My =M, ks —m, [18]
Next, the moles of water lost as transcutaneous water vapor (twv), calculated by using the
Dubois formula to calculate the surface area (BSA) for the individual

S = Jhm, /&, [19]

and using the following equation to calculate my as

my =k S/ kg [20]
It has been determined that humans lose 0.14g/min/m? through their skin and it can be
assumed that clothing decreases the amount of water lost by 50%. The amount of water
lost per minute was converted to a daily water loss.

The moles of water lost through breathing (m,41) were determined as

Moy = [Hiko """ "0 1 sk ) [21]
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where 4 is the relative humidity in the lungs (100%) and 4 is the temperature in the lungs

(33°C). Lastly, the water lost as urine, sweat and in the feces were calculated. In all
calculations, these three outputs are referred to as remaining water 108S (#):

Mgy = My — My — My [22]

Estimating the isotopic composition and fractionation factors for all inputs

The isotopic composition and the fractionation factors of all inputs of hydrogen and
oxygen were then estimated. One assumption made was that the 8'*0 of oxygen
absorbed in the lungs was 15.3%o. Next, in estimating the 8'*0 and 8°H of food
consumed, two parameterizations were used, one in which the 8*H and 80 of food was
linked by equations 24 and 25 to the 8Hgy and 6'*Oq,, values, respectively. Much of the
food consumed in the United States is not of a local origin and to determine the
importance of food to estimated 8-values of body water, 8°Hp,, and 8'°Op,, were
calculated using static values of food based on previously measured values: 8°H of food
of -115%o and a value of 32%. for the 3'°0 of food.
Food (5*0g):

5fd,q :m,qwcmf¢}//n/lv,q)(5dw,q +al,q)]+m,qmmf¢y/n/lv,q)(gdw,q +a2,q)]

[23]
+m,qumf¢y/mv,q)(5dw,q +a3,q)]
Food Water (8*Ogy):
8"°0fw=8"0ay + 4 [24]
8 Hy, = 0.69 * 8°Hga, + 3.75 [25]

Next, convert the above estimated 8'°0 and 8*H values into R values. The R value for the

water vapor gain (wvg) may be estimated using the following equations for each element:

H: R,

WV

= RHdw /[EXP((konk3 /k21 _kzszz /k23 + k24Tk /kzs _k26 +k27k21 /TJS)/kzs)] [26]
O: Rvag = Rogy /TEXp((kyg + kyokns I Ty — kyoheys /Tkz + kyky /Tk3)/k25)] [27]

where T} = temperature in Kelvin.
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Estimating the isotopic composition and fractionation factors for all outputs

Lastly, the isotopic composition and fractionation factors for all outputs were
estimated. The empirically derived estimate for the equilibrium fractionation ( acoz-pw =
1.038) between &' *Oyy and 6'°0 value of CO, was used. The fractionation factors (H:
caivw = 0.935; O; dowbw = 0.981) were used for the fractionation between body water
and water lost transcutancously) and H: o = 0.946; O; o 0f0.991 for the fractionation
between body water and water lost through breathing. Urine, sweat and fecal water were
assumed to be unfractionated relative to body water. The molar quantities, R values and
o values for all inputs and outputs are inserted into equations [6] and [7] to produce

estimates of & Hpy and 8- Opy.

Example 4. Steady-state body water model projections

We created four spatial models of the 8*Hj,, and 8'°0,, for the contiguous United
States. The predicted values for males (V_1), for females (V_2) and for males with the
8”H and 8'°0 values of food held constant (V_3) were similar and when the modeled
values were regressed against the measured values, the slope of the lines were
indistinguishable from 1 for all three models (Table 4; FIG. 4). The model with the
greatest difference between modeled and measured values was the model in which
predicted 8°H and 8"*0 values of precipitation were used for drinking water (V_4). The
slope of the relationship between measured and modeled values was significantly less
than 1 (Table 4; FIG. 4).

The spatial model in which the 8°H and 8"°0 values of food were linked to local
drinking water for an adult male (V_1) estimated that 8°Hj,, and 8'°0y,, values ranged
from 4%o to -147%o for hydrogen and 1.4 to -16.3 for oxygen across the contiguous
United States. The most enriched 8°Hj,, and 8'*0;,, values were in interior Texas and
along the Gulf Coast and the most depleted values were in the higher latitudes and
clevations of the interior West. Estimated values for all locations, except for Mt. Rainer,
were within 10%o for hydrogen and 0.7%o. for oxygen of published values (Table 4).
When the 8°Hj,, and 8'°0,, estimated using V1 model were compared to 8°H and 8'*0
values of local drinking water, the largest differences were in the interior West. The

differences between estimated 8 Hp,, and 8'°0},, values and 8*H and 830 values of
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Overall, models V_1 for men and V_2 for women closely matched measured

8°Hp and 8'°0y,, values from the literature (Table 4). For example, the body water

model estimates were within £10%o for hydrogen and within £ 0.7%. for oxygen for all
locations except for the samples from Mt. Rainer. The largest differences between
measured and modeled 8°Hj,, and 8'°0y,, values was for the model in which estimated

8H and 8'%0 values of precipitation were used as the values for drinking water (V_4).

Estimated 8°Hy,, and 8'*0,, values from model V_1 differed by a magnitude greater than

40 and 5.5 for hydrogen and oxygen, respectively.

Table 4. Latitude and longitude, estimated 8°Hg, and 8'°0y, values, measured 8°H,, and

8% 0y, values, modeled 8°Hy,, and 'Oy, values from the 4 spatial body water models.

The last column is the source for the measured 8°Hj,, and 8'°0y,, values. Slope, intercept

and r* values at bottom of 4 columns are the results of comparing modeled 8°Hy,, and

8'%0,,, values with measured 8°Hp,, and 8'°0,,, values.

Modeled Measured Modeled 6°H body water Measured Modeled 80 body wate:
_ocation Latitude  Longitude 8°Haz, 804, 5" Hne V1 V2 V3 V4 3% 05, V1 V2 V3 V.
Juquerque,
35.0844  -106.6506 =77 * -78%* -68 -67 -61 -70 NA NA NA NA N
NM
-4.8 +
acago, IL 41.8500 -87.6500 -48 -6.6 37+5 -40 -40 -37 -44 4.6 45 42 -5,
0.6

rvard, MA  42.5000 -71.5833 -57 -8.6 50+7 -49 -49 -45 -53 62+1.4 -6.1  -6.1 -57 -6.
wuston, TX  29.7631 -95.3631 -16 -2.0 -14+3 -12 -12 -12 -23 -14+1.3 -1 -1 <09 -2
wuston, TX  29.7631 -95.3631 -16 -2.0 -13+6 -12 -12 -12 -23 0.5+1.6 -1 -1 <09 -2
srico, VT 44.5039 -72.9981 -74 -10.6 -67+7 -65 -64 -59 -66 -82+1.5 7.8 1.7 1.3 -8
adison, W1 43.0731 -89.4011 -55 -71.7 42 +5 -47 -46 -43 -50 -5.2+0.7 5.5 54 50 -6

[t. Rainer, - - -10.3 + - - -
46.800 -121.800 -113 -15.1 -86+1" 98 -90 -9.

WA 107 106 0.1 11.9 11.8 112
Slope 1.09 1.07 099 0.83 099 098 095 0.7
Intercept 2,77 2.54 147

12.24 0.40 040 0.22 2.2
¢ 092 092 091 097 0.95 095 095 0.9
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Example 5. Application of the spatial body water model to distinguish locals from
visitors

We used 8°Hp,, values estimated using spatial model V_1 for Houston, Chicago
and Salt Lake City combined with the estimated range in body water turnover for an adult
male to predict the length of time for the body water of an individual to become
indistinguishable from a locals (Table 5). A visitor to Chicago was indistinguishable
from locals 14 to 18 days after arrival and a visitor to Salt Lake City was
indistinguishable from locals 25 to 32 days after arrival (Table 5). The difference in the
length of time for the two scenarios is due to the magnitude of the difference in the 8°Hp,,
values between the three locations. 8°Hp,, of a native of Chicago is 28%o different than a
native of Houston and the 8°H,,, of a native of Salt Lake City is 90%o different than a
native of Houston (Table 5). As a result, the visitor to Chicago is within 4.5%o of

equilibrium values ~1 week before the visitor to Salt Lake City.

Table 5: Locations, SHy,y at equilibrium, total change in 52wa, and the estimated length
of time for 6"Hyy values of a person that travels from Houston to Chicago or to Salt Lake
City to be indistinguishable from residents. The length of time is calculated using two

half-lives (7.5 and 5.9 days) to determine the expected range in time.

Location SHiw Change in & Hiw Time
%0 %o 7.5 days 5.9 days
Houston, TX -12 0.0 0 0
Chicago, IL -40 28 18 14
Salt Lake City, UT -102 90 32 25

While the forgoing examples are illustrative of the principles of the present
invention in one or more particular applications, it will be apparent to those of ordinary
skill in the art that numerous modifications in form, usage and details of implementation
can be made without the exercise of inventive faculty, and without departing from the
principles and concepts of the invention. Accordingly, it is not intended that the

invention be limited, except as by the claims set forth below.
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CLAIMS

What is claimed is:

1. A method for reconstructing a travel history for an individual, comprising:

collecting a sample of breath exhaled by the individual;

analyzing the sample to obtain a breath isotope ratio for at least one isotope;

transforming the breath isotope ratio to a body water isotope ratio; and

determining a travel origin by comparing the body water isotope ratio to a map
model that correlates body water isotope ratios to geographic locations, said map model

using at least one isotope source input associated with the geographic locations.

2. The method of claim 1, further comprising adjusting the body water isotope
ratio using an isotope turnover model to obtain an adjusted body water isotope ratio,

wherein said model includes a rate of isotope turnover and a time interval over which

isotope turnover has occurred.
3. The method of claim 1, wherein the isotope is a hydrogen isotope.
4. The method of claim 1, wherein the isotope is an oxygen isotope.

5. The method of claim 1, wherein the isotope source input is selected from the
group consisting of drinking water, food, free water in food, organic food molecules,

atmospheric oxygen, water vapor, and combinations thereof.
6. The method of claim 5, wherein the input is drinking water.

7. The method of claim 1, wherein the analyzing step is performed using laser

absorption spectroscopy.

8. The method of claim 1, further comprising:

obtaining an attested travel origin provided by the individual at any point during

the method; and

comparing the travel origin to the attested travel origin subsequent to determining

the travel origin.
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9. A system for reconstructing a travel history for an individual, comprising:

a collection device configured to collect a sample of breath exhaled by the
individual;

an analysis device configured to accept the sample of breath and provide a
measurement of a breath isotope ratio for at least one isotope;

a data processor configured to accept the measurement from the analysis device,
said data processor capable of transforming each breath isotope ratio to a body water
isotope ratio and comparing the body water isotope ratio to a map model that correlates
body water isotope ratios to geographic locations so as to determine a travel origin for the
individual; and

an output device for communicating the travel origin.

10. The system of claim 9, wherein the data processor is also capable of adjusting
each body water isotope ratio using an isotope turnover model to obtain an adjusted body
water isotope ratio, wherein said model includes a rate of isotope turnover and a time

interval over which isotope turnover has occurred.

11. The system of claim 9, wherein the collection device and the analysis device

are a single integrated device.

12. The system of claim 9, wherein the isotope is a hydrogen isotope.

13. The system of claim 9, wherein the isotope is an oxygen isotope.

14. The system of claim 9, wherein the input is selected from the group consisting

of drinking water, food, free water in food, organic food molecules, atmospheric oxygen,

water vapor, and combinations thereof.

15. The system of claim 14, wherein the input is drinking water.

16. The system of claim 9, wherein the analysis device comprises a laser isotope

analyzer.
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17. The system of claim 9, wherein the output device is a computer monitor.

18. An article of manufacture, comprising a computer readable data storage
medium having computer readable code embodied thereon for execution on a machine to
determine a travel origin for an individual, the computer readable code comprising:

an input routine for receiving isotope ratio data in the form of breath isotope ratio
measurcments and a time interval;

a transformation routine for transforming the isotope ratio data into body water
isotope ratios, wherein said transformation routine includes a body water model
correlating breath isotope ratio measurements to body water isotope ratios; and

an output routine for comparing the body water isotope ratio to a map model
correlating body water isotope ratios to geographical locations, and configured to output

the travel origin in at least one of a visible and audible medium.

19. The article of claim 18, wherein the computer readable code further
comprises an adjustment routine for calculating an adjusted body water isotope ratio
based on isotope turnover during the time interval, wherein said adjustment routine

includes an isotope turnover model including a rate of isotope turnover.

20. The article of claim 18, wherein the computer readable code further
comprises a second transformation routine for transforming the body water isotope ratio
to at least one input isotope ratio.

21. The article of claim 18, wherein the isotope is a hydrogen isotope.

22. The article of claim 18, wherein the isotope is an oxygen isotope.
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