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A cost-effective optical cancer screening and monitoring technique was demonstrated in a pilot study of
canine serum samples and was patented for commercialization. Compared to conventional blood chem-
istry analysis methods, more accurate estimations of the concentrations of albumin, globulins, and
hemoglobin in serum were obtained by fitting the near UV absorbance and photoluminescence spectra of
diluted serum as a linear combination of component reference spectra. Tracking these serum proteins
over the course of treatment helped to monitor patient immune response to carcinoma and therapy. For
cancer screening, 70% of dogs with clinical presentation of cancer displayed suppressed serum hemoglo-
bin levels (below 20 mg�dL) in combination with atypical serum protein compositions, that is, albumin
levels outside of a safe range (from 4 to 8 g�dL) and globulin levels above or below a more normal range
(from 1.7 to 3.7 g�dL). Of the dogs that met these criteria, only 20% were given a false positive label by
this cancer screening test. © 2007 Optical Society of America

OCIS codes: 170.1470, 170.1610, 170.3890, 170.4580, 170.6280, 000.1430.

1. Introduction

Nearly one fourth of all deaths in the United States are
caused by cancer [1]. In 2004, over 500,000 Americans
died from cancer. Early detection and treatment im-
proves the odds of patient survival. Therefore, appro-
priate screening techniques are emphasized, such as
regular mammograms for breast cancer. Given the car-
cinogenic risks of ionizing radiation, ultrasonic and
optical techniques are desired as safer alternatives.
Endoscopy can highlight tumors in the cervix, lungs
[2,3], and colon based on tissue autofluorescence and
structure. However, these invasive tests are only suit-
able for cancer screening in high-risk populations. En-
couraged by the success of several protein expression
assays to detect specific carcinomas of the bladder and
prostrate [4–6], oncologists have searched for a uni-
versal cancer marker. However, until a tumor of a
certain size ��1 cm� or location is clinically detected,

there are very few general indicators of occult cancer.
Consistent with the complex nature of cancer as a
disease, advanced new technologies have been devel-
oped, such as hybrid forms of mass spectroscopy
[6–8] and arrays of fluorescent probes conjugated
with antibodies or DNA sequences [9], which enable
researchers to search for patterns in protein expres-
sion in the hope of identifying malignancies.

There are good reasons to focus on blood composi-
tion for early detection of cancer. Healthy human
serum consists mainly of albumin �4.0 � 0.25 g�dL�
and various globulins ��2.2 g�dL� in water [10].
Many forms of cancer disturb local vascular structure
and trigger significant immune responses. Therefore,
serum levels of globulins, albumin, and hemoglobin
metabolites may be modified by the presence of var-
ious neoplasia.

Several studies have noted a downward shift from
the normal human serum albumin:globulin ratio (1.33)
as cancers progress. During acute inflammation,
�-globulins are released in response to cytokines, such
as the tumor necrosis factor. Elevated �-globulin levels
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and monoclonal �-globulin levels are often observed
with multiple myeloma and lymphoma. An increase in
C-reactive protein (a �-globulin) may occur as the body
regulates inflammation in response to cancer. Chronic
cancer conditions may also increase the levels of
�-globulins IgG, IgA, and IgM [11]. Using UV fluores-
cence spectroscopy, Hubmann et al. found higher se-
rum levels of �2-globulins at the expense of albumin in
patients with malignancies [12].

The relationship between serum albumin and can-
cer is less clear. Albumin synthesis in the liver in-
creases �40% in cancer patients who experience a
wasting of body mass, but cancer is often associated
with low serum albumin levels. Changes in major
protein levels (such as albumin and globulins) due to
cancer seem to be more consistent with a whole-body
response, rather than with local over expression of
specific proteins by tumor cells [13].

If tumors induce hemorrhaging or weaken red
blood cells walls, then hemoglobin would be released
into the serum, either within the body or after blood
is drawn from the patient. Because free hemoglobin
quickly binds to blood proteins, it is usually not ob-
served at meaningful levels in serum or plasma [14].
Instead, the levels of haptoglobin–hemoglobin com-
plexes and some �-globulins increase when red blood
cells break; and if hemolysis is severe, haptoglobin
levels become depleted [11]. Therefore, to monitor
total hemoglobin levels in serum, it would be useful to
find a method that accounts for hemoglobin com-
plexes as well. Furthermore, if high pH within tu-
mors alters serum pH, then the spectra of hemoglobin
complexes (such as methemoglobin) may be modified
[14]. Porphyrin can accumulate in tissue and serum
if tumors alter iron metabolism [15–17]. The well-
known, strong autofluorescence of porphyrin has fa-
cilitated the visual detection of colon cancer and other
malignancies, under UV light [18–20].

These biochemical interactions justify primary se-
rum protein monitoring as a trial basis for cancer
screening. However, traditional colorimetric tech-
niques of measuring albumin, globulins, and hemo-
globin in serum have limited accuracy, because the
results can vary significantly depending on whether
these proteins are initially in an isolated state or in
the form of a protein complex [21,22]. When different
facilities quote different normal physiological ranges
for serum proteins, and give disclaimers about com-
paring results obtained from different laboratories, it
is no wonder that some trials have not been able to
detect recurring cancer with blood chemistry panels
alone [23]. With advances in computers and spec-
trometers, there has been a recent renaissance in
absorbance and fluorescence spectroscopy methods of
quantifying albumin and total protein concentrations
in serum, with improved sensitivity and linearity
[21]. These developments facilitate affordable cancer
screening.

Dogs are considered to be a good model of some
types of human cancer and its response to therapy.
Canine breast cancer has many parallels to human
mammary carcinoma presentation [24]. Furthermore

serum globulins and albumin levels in dogs are com-
parable with the levels in humans. Therefore, canine
populations were chosen to test the feasibility of us-
ing UV serum spectroscopy for cancer screening. This
paper presents a refined spectroscopic method of es-
timating the concentration of albumin, globulins, and
hemoglobin compounds in canine serum, which en-
ables sensitive monitoring of a patient’s physiological
response to illness and therapy and helps to identify
patients with cancer.

2. Methods

From a random sample of 60 dogs brought in for
veterinary attention, serum was collected from a
network of veterinary clinics in Virginia’s New
River Valley. Each pet owner volunteered to partic-
ipate in the study, and the attending veterinarian
documented each animal’s health on a question-
naire. Wolves, and dogs with renal failure, hyper-
thyroidism, epilepsy, or Addison’s disease in the
original ramdom sample were excluded from this
cancer screening study, because the absorbance
spectra from their serum appeared to be signifi-
cantly different from those of other breeds of
healthy dogs or dogs with cancer. Optical screening
of serum for other diseases was viewed as an area
for future research beyond the scope of this paper.
Statistically, the resulting cancer screening study
population included the following 47 serum sam-
ples. This study primarily focused on an optical
comparison of serum proteins between a group of 21
healthy dogs and a group of ten dogs with different
forms of cancer; both groups contained a mixture of
breeds, ages, and genders. As a separate control
group, eight geriatric dogs were also studied. In one
dog with lymphoma, eight additional serum sam-
ples were taken over an eight-month observation
period, and these were optically analyzed as an ex-
ample of monitoring a patient’s health status dur-
ing treatment and disease progression. All relevant
records available to the authors regarding treat-
ment and health of this dog are summarized in
Table 2.

All serum was drawn using standard vacutainers
without anticoagulant. This allowed clotting to help
separate red blood cells from the serum, and kept the
extraction method uniform. Blood was centrifuged at
low speeds to gently move the packed cell volume to
the base of the tube with minimal rupture of red blood
cells. Approximately 1 mL of serum was removed
from the top of the tube and frozen for one to three
years. About one hour before analysis, samples were
thawed, gently mixed, and then diluted to 1�60 of
their original concentration by adding 40 �L of serum
to 2360 �L of deionized water in a poly(methyl
methacrylate) (PMMA) cuvette, with an optical path
length of 1 cm. This initial dilution generally kept the
absorbance below 1.5 for wavelengths near 278 nm. If
the peak UV absorbance was higher than 1.5, the
samples were diluted further. To maintain solution
homogeneity, diluted samples were gently tipped sec-
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onds before performing optical spectroscopy or chem-
ical analysis.

Fluorescence spectra of the diluted serum in
PMMA cuvettes were acquired on a Hitachi F-4500
fluorescence spectrophotometer from 290 to 500 nm
every 0.2 nm, at a rate of 240 nm�min, with excita-
tion at 280 nm, 2.5 nm slits, a 2 s integration time,
and a photomultiplier tube bias of 700 V.

Absorbance spectra were acquired on a Hitachi
U-2001 UV-vis near-infrared (NIR) spectrophotom-
eter with pure water in a PMMA cuvette as the
reference sample. For rapid data acquisition, spec-
tra were recorded every 1 nm from 265 to 500 nm, at
400 nm�min, with medium detector response and a
UV lamp change at 370 nm. The slit width was 2 nm.
Every hour, the system response was rechecked by
measuring the absorbance spectra of water; if the
water’s absorbance deviated from 0.000 by more than
0.01 near 400 nm, then the baseline was redone.

For comparison, the Veterinary Teaching Hospital
Clinical Laboratory Services of the Virginia–Maryland
Regional College of Veterinary Medicine performed
standard automated colorimetric blood chemistry
analysis to monitor albumin, total protein, and hemo-
globin in known serum phantom solutions and selected
canine sera. To check for other possible sources of ab-
sorbance or scattering, bilirubin, cholesterol, and lipids
were also measured in selected sera.

To compare the accuracy of spectroscopic and
chemical analysis methods, known solutions of serum
constituents were prepared from fresh powders, all
purchased from Sigma-Aldrich (St. Louis, Missouri).
Single-solute aqueous reference solutions were made
at concentrations of 1 g�L for canine albumin Cohn 5
(catalog number A9263); 1 g�L for canine globulins,
mainly � Cohn 4-1 (catalog number G7015); and
0.1 g�L for human hemoglobin, including methemo-
globin (catalog number H7379). Mixtures of albumin,
globulins, and hemoglobin within physiological con-
centration ranges were made for chemical analysis
and then diluted for spectroscopic analysis.

3. Results

On the average, serum from geriatric dogs and dogs
with cancer tended to have higher absorbance from
265 to 500 nm than was seen in ordinary healthy
dogs (Fig. 1). This early observation suggested that
absorbance spectra might be useful for cancer
screening; however, the large variability in serum
absorbance within groups made it difficult to corre-
late a patient’s health group with isolated spectral
features.

Methodical spectral analysis was able to accurately
estimate serum composition, because reference solu-
tions of albumin, globulins, and hemoglobin had dis-
tinguishable absorbance features, as shown in Fig. 2.
Although all three serum components had a peak
near 278 nm, hemoglobin also exhibited a peak near
406 nm, globulins produced a significant “tail” that
gradually decreased from 300 to 500 nm, and albu-
min had no such tail or other peak. Likewise, the
fluorescence spectra of these reference solutions were

also unique, as seen in Fig. 3. Hemoglobin emitted no
significant fluorescence, nor did water or the PMMA
cuvettes. Globulins produced bright narrow UV emis-
sion near 332 nm, which was maximized using exci-
tation at 280 nm. Compared to globulins, albumin
fluorescence intensity was lower near 332 nm at the
same solute concentration �1 g�L�, and its peak was
broader, so that albumin actually produced more
emission near 300 nm than was seen from globulins.

Fig. 1. Average UV absorbance spectra for diluted serum from
dog populations grouped by health status. On the average, the
serum absorbance of geriatric patients and those with cancer was
higher than that of healthy dogs across the wavelength range from
250 to 500 nm; however, there was high variability (standard de-
viations indicated by error bars) within the cancer and geriatric
populations. The absorbance spectra shown are through samples
that have been diluted in water to 1�60 of their original concen-
trations.

Fig. 2. Absorbance spectra of reference solutions for primary se-
rum proteins. The spectral gap between 370 and 380 nm is a low
signal region between two light sources.
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This difference in fluorescence peak shape provided
additional information about the relative levels of
albumin and globulins in fresh mixtures.

Absorbance peak amplitudes in Fig. 4 were propor-
tional to solute concentration, as expected, so the
observed absorbance spectra Abs��� of known mix-
tures and diluted serum samples were modeled using
Eq. (1) to generate a fit spectrum Absfit��� from a
linear combination of the reference spectra for al-
bumin Albu���, globulins Glob���, and hemoglobin
Hem���. The coefficients A, G, and H represent the
estimated concentrations (in g�L) of albumin, globu-
lins, and hemoglobin in the diluted solution. S repre-
sents the relative magnitude of a residual background
contribution to the absorbance spectra (discussed
below):

Absfit��� �
A

1.0 Albu��� �
G

1.0 Glob��� �
H

0.1 Hem���

� S � Scat���. (1)

On several absorbance spectra with a turbid ap-
pearance, a high background was observed across the
visible and UV region of the absorbance spectra,
which could not be modeled as a linear combination
of albumin, globulins, and hemoglobin. This back-
ground was assumed to originate primarily from scat-
tering by turbidity, which would effectively reduce
the transmitted intensity across a wide spectral
range. To isolate the spectral shape of this component
mathematically, the residual broad spectral contri-
bution was calculated by subtracting albumin, glob-
ulins, and hemoglobin spectral features from the
sample in Fig. 5, because it had a particularly high
background. This background, Scat���, was smoothed
and normalized so that it equaled 1.0 at 350 nm, a
convenient reference point where absorbance from
other components was small. Canine serum spectra
were then reanalyzed with this potential contribu-
tion. For those few sera where the fit was improved by
including this background component, the globulin
concentration estimates were reduced back to realis-
tic physiological levels.

Multiparameter optimization was performed in
Excel to estimate the values of the coefficients A, G,
H, and S, which minimized the mean squared error
Eabs between the observed and fit absorbance spectra,
as defined in Eq. (2), where n is the number of wave-
lengths � in the spectra:

Eabs ���
i�1

n

��Abs��i� 	 Absfit��i��2	
1�2��
i�1

n

�Abs��i�	.

(2)

The fluorescence peak counts of albumin and glob-
ulin solutions at 332 nm (PFalbu and PFglob) increased
asymptotically with concentration (in g�L) due to re-
absorbance, as seen in Fig. 6 and characterized by Eq.
(3). After dividing by each original peak height, the
normalized fluorescence spectra Falbu��� and Fglob���
from these single solute solutions maintained their
unique peak shapes for concentrations up to �1 g�L.

Fig. 3. Fluorescence spectra of reference solutions for primary
serum proteins. Compared to albumin, globulins exhibited en-
hanced fluorescence near 300 nm, while hemoglobin showed neg-
ligible fluorescence.

Fig. 4. Linear absorbance of serum components. The absorbance
peak amplitude at the indicated wavelengths was proportional to
that protein’s concentration

Fig. 5. Scattering contributions to serum absorbance spectra.
The absorbance spectra of some samples exhibited a significant
background, which increased towards shorter wavelengths. The
dashed curve in this plot shows the smoothed scattering back-
ground, Scat���, after normalizing the spectra so that Scat�� �

350 nm� is 1.
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Fluorescence spectra were modeled by scaling each
normalized reference spectra by the calculated peak
heights, as shown by Eq. (4), and the fit error was
calculated using an expression analogous to Eq. (2):

PFalbu �
180A

1 � 1.2A1.2, PFglob �
368G

1 � 1.8G1.2, (3)

Ffit��� �
PFalbuFalbu��� � PFglobFglob���

PFalbu � PFglob
. (4)

The diluted concentration estimates, A, G, H, and S
were varied using a standard multi-parameter opti-
mization routine in Excel, in order to minimize the
sum of the errors, Eabs � Ef. This procedure was able
to closely fit canine serum absorbance and fluores-
cence spectra as a linear combination of the compo-
nent reference spectra, as shown in Fig. 7. In this
method, the use of normalized fluorescence spectra
effectively emphasized the absorbance spectra, be-
cause it scaled linearly with concentration. To calcu-
late the original concentrations Ao, Go, Ho, So, and To

of albumin, globulins, hemoglobin, scattering, and
total protein, respectively, in the undiluted sample,
the diluted concentration estimates were multiplied

by the dilution ratio, D. D was defined as the total
volume divided by the small sample aliquot volume
and was typically 60. This method was calibrated
against a series of known aqueous mixtures that sim-
ulated dilute serum.

UV spectroscopy was able to closely estimate albu-
min, globulins, total protein, and hemoglobin levels to
within 10% of the actual levels in the multicompo-
nent mixtures, as shown in Figs. 8–11. Compared to
the spectroscopic method described above, standard
chemical blood panel results were not as accurate,
tended to underestimate globulins and total protein,
and tended to overestimate hemoglobin levels. Such
discrepancies in hemoglobin measurements are to be
expected, since the standard blood panel methods
were designed to characterize high concentrations of
hemoglobin in whole blood, not very low concentra-
tions in serum. In contrast, the spectroscopic method
was a particularly sensitive and accurate method of

Fig. 6. Fluorescence of serum components saturates at higher
concentrations due to reabsorbance.

Fig. 7. Fitting typical serum spectra. Most all canine serum
spectra were easily modeled as a linear combination of reference
absorbance spectra and normalized fluorescence spectra from
albumin, globulins, and hemoglobin.

Fig. 8. Accurate spectroscopic estimates of albumin concentra-
tion in mixtures.

Fig. 9. Accurate spectroscopic estimates of globulins in mixtures.
Standard chemical blood tests (labeled “Globulins Chemical”) un-
derestimate globulin levels.
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monitoring trace serum hemoglobin levels of less
than 0.2 g�L to within 10%.

Accurate measurements of albumin, globulins, and
hemoglobin levels in serum via the spectroscopic
method enabled general cancer screening. When
globulin levels were plotted versus albumin levels in
Fig. 12, there was a set of coordinates with moderate
albumin and globulin levels that described only
healthy patients. Therefore, if the albumin level was
between 40 and 80 g�L, and if the globulin level was
simultaneously between 17 and 37 g�L, then the
dog’s blood parameters were labeled “safe.” By plot-
ting hemoglobin versus total protein (albumin plus
globulin concentration) in Fig. 13, it was seen that
most dogs with cancer had low serum hemoglobin
levels. So, if the hemoglobin level was below 0.2 g�L,
the serum parameters were labeled “suspect,” as

shown in Fig. 13. If a dog’s serum composition met
the suspect criteria and did not meet the safe criteria,
then further tests for cancer would be advised. Using
these criteria, �70% of the dogs with cancer were
correctly detected (30% false negatives), and �20% of
those dogs flagged for further cancer testing would be
expected not to show any clinical signs of cancer (20%
false positives). This set of criteria effectively reduces
the probability of mistakenly flagging a healthy dog
for further cancer tests.

4. Discussion

This spectroscopic method of analyzing serum ex-
hibited several advantages over conventional photo-
chemical blood panels. The spectroscopic protocol
described above only required 40 �L of blood serum
to simultaneously measure albumin, globulins, and
hemoglobin levels, with no consumable chemicals be-
sides water. The blood chemistry laboratory, on the

Fig. 10. Very accurate spectroscopic estimates of total protein
(albumin � globulins) in mixtures, compared to less chemical test
methods used in standard blood tests.

Fig. 11. Sensitive spectroscopic estimates of trace hemoglobin
levels in mixtures. Standard chemical blood tests (labeled “Hemo-
globin Chemical”) did not accurately measure such low hemoglobin
levels.

Fig. 12. Identifying selected low-risk patients based on globulins
and albumin levels in serum. The “safe” subset of healthy patients
could be excluded from the high-risk population based on their
albumin and globulin levels, regardless of their serum hemoglobin
and total protein levels.

Fig. 13. Screening for cancer based on hemoglobin and total pro-
tein levels in serum. Most of the cancer patients had lower serum
hemoglobin levels than the healthy patients, as shown in the “sus-
pect” compositional region.
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other hand, required 400 �L, because each of these
three constituents had to be analyzed in separate
volumes with different photometric reagents. Com-
pared to the conventional photochemical approach,
the spectroscopic method is therefore inherently sim-
pler to automate, while yielding more accurate re-
sults, especially in the determination of trace levels of
hemoglobin in serum. These features facilitate the
potential use of serum spectroscopy as a preliminary
canine cancer screening tool.

The UV wavelength range from 250 to 500 nm was
well-suited for rapid determination of canine albu-
min, globulins, and hemoglobin levels. Three common
forms of hemoglobin listed below all have a strong
peak near 410 � 5 nm [14]. Therefore, estimates of
hemoglobin based on this peak were not affected by
hemoglobin’s oxidation state or its tendency to form
protein complexes. The absorbance wavelength range
could have been extended to 650 nm to include well-
known secondary peaks for hemoglobin in several
forms: oxyhemoglobin at 576 nm, methemoglobin at
630 nm, or methemalbumin at 540 nm [14]. How-
ever, these peaks were not necessary to estimate the
total hemoglobin concentration, and they were of neg-
ligible amplitude after the ideal 1�60 dilution for UV
absorbance. It is possible that the chemical specificity
of standard blood panels may limit their accuracy in
estimating low hemoglobin levels in serum. For ex-
ample, hemoglobin that is bound to albumin would
not bind to the photometric reagent, and so the met-
hemalbumin component would be underreported.
Sensitive hemoglobin monitoring in serum may indi-
rectly characterize red blood cell wall strength or
frailty, if the applied stress from the blood drawing
technique is kept constant.

The endogenous spectroscopy technique de-
scribed here is limited, in that it does not detect
trace amounts of several common serum pigments.
Even when canine serum samples were only diluted
to 1�4 of their original concentration for absorbance
near unity in visible wavelengths, none of the char-
acteristic visible absorbance peaks were observed
for carotenes, xanthophylls, porphyrins, or biliru-
bin. Instead, oxyhemoglobin features alone domi-
nated canine serum absorbance spectra in the
visible region. Using automated colorimetric tech-
niques, bilirubin was generally found at normal
physiological levels ��2 mg�L� in selected canine se-
rum samples by clinical laboratory services.

Rather than focusing on single marker proteins,
this cancer screening technique uses patterns in the
patient’s albumin, globulins, and hemoglobin levels.
Graphically, the approach shown in Figs. 12 and 13 is
similar to principle component analysis, by which
populations can sometimes be identified with clusters
of data points when one basis vector of the parameter
space variability is plotted versus another. However,
the approach documented here has the intuitive ben-
efit of physically defining what each principle compo-
nent represents. In this study, the categorization of
cancer samples was facilitated by simply plotting
globulin levels versus albumin levels, and by plotting

hemoglobin versus total protein. However, further
studies with larger sample populations and perhaps
more optically distinguishable blood components may
enable the accuracy of cancer diagnosis to be im-
proved by defining more complex mathematical rela-
tionships between the serum parameters.

It is understandable that healthy dogs in this study
had moderate levels of globulins, whereas dogs with
cancer tended to have either elevated globulins (sug-
gesting in this case a systemic response to carcinoma)
or reduced globulins (suggesting an immune sup-
pressed state).

There seems also to be a compensating mechanism
in dogs that works to keep the total protein level
between 70 and 120 g�L. This hypothesis is sup-
ported by the clustering of data points along a diag-
onal line in Fig. 12, and by the strong negative
correlation coefficient between globulins and albumin
concentrations in Table 1.

With high sensitivity, this spectroscopic method
was able to monitor a patient’s response to therapy
by tracking concentrations of free hemoglobin in
serum as well as albumin and globulin levels. This
technique could be widely used to optically monitor
changes in a patient’s health. It is well-known that
the relative concentrations of albumin and globu-
lins change with a patient’s health status. In this
case, a dog’s response to therapy was optically mon-
itored with the goal of tracking the progression or
regression of cancer. Figure 14 shows how serum
proteins and hemoglobin in a dog varied over the
course of its treatment for cancer, which is outlined
in Table 2. Reduced albumin levels were often as-
sociated with elevated globulin levels, while the to-
tal protein concentration remained fairly constant.
In practice, such a test could be performed as part
of a routine checkup, to establish a healthy baseline
pattern. Then, personal deviations from one’s own
baseline would be clear. This would avoid the chal-
lenge of establishing general rules to account for

Table 1. Correlation Coefficients between Canine Serum Protein
Concentrations and Healthy Groupa

G H A � G A A�G S

Globulins, G 1.00
Hemoglobin, H 0.09 1.00
Total protein,

A � G
0.06 �0.25 1.00

Albumin, A �0.77 �0.23 0.59 1.00
Albumin:globulins

ratio, A�G
�0.74 �0.04 0.18 0.71 1.00

Scattering, S 0.34 0.72 �0.13 �0.35 �0.18 1.00
Healthy group �0.36 0.06 �0.18 0.17 0.23 �0.22
Cancer group 0.17 �0.01 �0.14 �0.23 �0.15 0.15
Geriatric group 0.25 �0.08 0.43 0.07 �0.11 0.10

aIn this comparison of 47 samples, correlation coefficients that
are larger than 0.28 are statistically significant (i.e., p � 0.05), and
these coefficients are shown in bold. Underlined coefficients are
near this threshold, but the probability is greater than 5% that the
correlation between factors occurs just by chance, so such relation-
ships are worth noting but with caution.
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many possible sources of serum compositional vari-
ation, such as age, diet, medical history, gender,
heredity, etc. However, frequent testing of a patient
may increase the effective cost of obtaining a diag-
nosis.

The normalized fluorescence spectra shape of
fresh known serum phantoms was a helpful indica-
tor of component protein levels. On the other hand,
the fluorescence spectra of thawed dog serum in this
study were considered less reliable, since they
showed no significant spectral shape change, even
when the absorbance spectra clearly indicated
changes in the albumin to globulin ratio. Perhaps
fluorescence is more sensitive than absorbance to
serum aging. Further research is needed to asses
the stability of serum proteins and their fluores-
cence spectra after years of frozen storage and after
repeated freeze–thaw cycles.

It was hypothesized that the occasional presence
of broadband absorbance was due to turbidity, per-
haps from aggregated albumin complexes. This was
suggested by the association of high scattering lev-
els with reduced albumin levels in serum samples,
as seen in the correlation coefficients listed in Table
1. The turbidity levels were highly variable and

were not significantly different in the serum of
healthy and cancer populations.

To test and refine the initial cancer screening
method and identification criteria presented here,
further research is needed using a larger population
of canine serum samples. The ultimate goal is to de-
velop a preliminary cancer screening method for hu-
man serum. It is reasonable to expect that the
spectroscopic deconvolution method, which was dem-
onstrated for canine serum and serum phantom so-
lutions, would also be able to estimate human serum
albumin, globulins, and hemoglobin levels, possibly
using a different ideal dilution ratio to keep the 278
nm absorbance peak amplitude near 1. Of course,
human and canine sera have different normal phys-
iological ranges, so the boundaries of the safe and
suspect serum parameter regions would need to be
redefined based on statistical analysis of large well-
defined patient populations.

5. Conclusion

A spectroscopic test method was developed for accu-
rately determining the concentration of albumin,
globulins, and hemoglobin in blood serum and for
characterizing its turbidity. This test method com-
pares measured near-UV absorbance and fluores-
cence spectra to a linear combination of reference
protein spectra. The accuracy of this method exceeds
that of standard blood chemistry panels and it detects
trace levels of hemoglobin in any of its common chem-
ical forms, while requiring a total of only 40 �L of
serum. This analytical method provided a sensitive
way to track changes in serum composition over time
to monitor the progression of cancer and to evaluate
a patient’s response to therapy.

Table 2. Medical History of a Dog Treated for Lymphoma

Weeka History

�3 A 5-year-old female (not neutered) Border Collie
was first examined by Kirby at Companion
Animal Clinic. Patient showed neck swelling and
generalized lymphadenopathy.

0 Treatment began with injection of chemotherapy
following the Wisconsin protocol for 19 weeks.

3 Right submand lymph node was ruptured. Analysis
of a fine needle aspirate resulted in diagnosis of
lymphoma with high-grade cell type.

8 Viveristine was given. Despite cancer, overall
health of the dog appeared good.

9 Daxorubacin was given.
12 Cytoxan was given.
14 Tumor has generalized.
19 Last treatment was given.
33 Patient was out of remission for lymphoma, and

health had deteriorated from good to fair.
Observations included tumor presaps, pophtcals,
submand, and enlarged lymph nodes.

aThis is the number of weeks after the start of the Wisconsin
protocol for chemotherapy. The corresponding results of sequential
optical serum analysis are shown in Figs. 15(a) and 15(b).

Fig. 14. Tracking temporal changes in serum composition for a
dog with cancer. During the course of treatment following the
Wisconsin protocol, fluctuations in (a) serum protein composition
and (b) hemoglobin levels were observed using the optical methods
described in this paper. The cause of the hemoglobin spike after 10
weeks of chemotherapy is unknown, but this dog’s medical history
is outlined in Table 2.
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This technique formed the basis of an initial cancer
screening test, that was demonstrated in a pilot study
of 39 dogs. Using logical criteria involving the mea-
sured concentrations of albumin, globulins, and he-
moglobin in serum, 70% of all patients with cancer
were correctly identified as needing further tests; and
only 20% of the flagged patients showed no clinical
signs of cancer. Since dogs provide a good model of
cancer development and effective therapy in humans,
a similar approach may help identify humans with
undetected cancer.

Canine serum samples were provided by Compan-
ion Animal Clinics. Preliminary spectroscopic analy-
sis was performed by Nicholas Evans, Ian Civko, and
Amr Sayedissa. Serum chemistry panels were run by
Carolyn Sink. This research was funded by the Vir-
ginia Tech Applied Biosciences Center, and access to
optical test facilities at the Fiber and Electro-Optical
Research Center was provided by Richard O. Claus.
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