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Abstract

Fourier transform infrared (FTIR)-spectroscopy has been found useful for monitoring the effectiveness of drugs during chemotherapy in
leukemia patients. In the present work, spectral changes that occurred in the white blood cells (WBC) of an adult acute myeloid leukemia
(AML) patient and their possible utilization for monitoring biochemistry of WBC were investigated. The phosphate absorbance from nucleic
acids and the lipid—protein ratio in the WBC decreased immediately after treatment and then increased to levels of a control group. Similar
observations were recorded in child patients with acute lymphoblastic leukemia (ALL) who were used as test cases. These parameters
maybe used as possible markers to indicate successful remission and suggest that FTIR-spectroscopy may provide a rapid optical method fol
continuous monitoring or evaluation of a WBC population.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction biological samples such as prote[d$, nucleic acid$5] and
lipids [6].

Leukemia is characterized by a large number ofimmature =~ Chemotherapy decreases the blast cqdr@]. Chemo-
cells (blasts) in the blood. The cells are in a different growth therapeutic drugs such as doxorubicin and vincristine inter-
stage compared to what are normally present in the blood.fere with cell division by binding to the DNA and targeting its
The changes in tissue biochemistry are reflected as spectraynthesis or functiof]. In non-dividing cells; however, the
changes. This is the principle behind several diagnostic toolslethal effects are due to their ability to interfere with DNA
that are based on spectroscopic methods. Fourier transfornrepair polymerases as well as lipid biosynthetic enzymes.
infrared (FTIR)-spectroscopy is one such area that has seerThus, the presence of blasts in the blood is used as an indicator
rapid development in the past decade with a promise of eas-of residual malignancy during treatment and care of leukemia
ier, rapid and objective diagnodit]. FTIR-spectroscopy is  patients after induction of chemotherapy. However, no studies
also an effective and non-destructive method to monitor cel- have been carried out to examine the biochemistry of white
lular changeq2,3]. Diseases of several organs have been blood cells (WBC) to see whether they become biochemi-
identified using structure and quantity of biomolecules in cally normal following chemotherapy, though conventional

blood profiles are studied. Rapid and continuous monitoring
mponding author. Tel.: +972 8 646 1749; fax: +972 8 647 2903. of biOCher_niSt_ry OfWBCs Or_] amolecular leve.l remains ac.hal-

E-mail address: shaulm@bgumail.bgu.ac.il (S. Mordechai). lenge, which is also essential for the well being of the patient.
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free supplementary technique for such routine monitoring of and controls were separated using the method of Hudson and
WABCs in patients being treated for leukemia. Poplack{11] within two hours of the collection of the blood
FTIR-spectroscopy along with cluster analysis of the spec- samples. The WBCs were washed with normal saline (0.9 M
tra has shown a promise as a tool for monitoring the effec- sodium chloride) to remove any impurities from the plasma.
tiveness of drugs during chemotherapy in childf@ri0]. The blood components were then diluted as required in nor-
However, no such report on the validation of the technique for mal saline. Two microlitres of each blood component was
monitoring biochemical changes in WBC during chemother- spotted on a zinc selenium slide to form approximately a
apy of adults is available. It is well known that the response monolayer of cells and air dried under the laminar flow to
of adults to leukemia is different from children and often remove remaining water.
more difficult. In the present work, we study the utility of The FTIR measurements on samples were performed
FTIR-spectroscopy derived parameters for an adult, which using the FTIR microscope IRscope Il with liquid nitro-
were earlier found effective in monitoring changes in WBCs gen cooled mercury-cadmium-telluride (MCT) detector, cou-
during chemotherapy in children. The patient in the present pled to the FTIR spectrometer (Bruker Equinox model 55/S,
case study had low blast count in the peripheral blood (5%), OPUS software). To achieve high signal to noise ratio (SNR)
which is only a minor deviation from normal values, thus, this 128 co-added scans were collected in each measurement in
patient might serve as an analogy for the effects of chemother-the wavenumber region 600-4000chfor Fourier trans-
apy on WBCs in vivo in normal adults. The plasmaand RBCs form processing. Five sites were measured on each sample
profiles before the treatment regimen were comparable tocontaining on an average 100 cells as reported previously
the normal average value with low WBC counts. For fur- with an aperture of 1.5mm that measures a circular area
ther validation of the FTIR-spectroscopy derived markers a of 100 microns diametel9,10]. The spectra were baseline
comparison is made with the values obtained from a con- corrected using OPUS software and were normalized to
trol population. The corresponding values of the diagnostic the amide 1l (¢~1545cnT?) absorbance band in the region
parameters from healthy persons are obtained in parallel to800-1800 cm?. The averages of the normalized spectrawere
act as control references to ascertain the presence of residused for subsequent analysis. For the higher wavenumber
ual malignancy or the return to normalcy. Thus, it becomes region, the spectra were cut in the region 2835-3000'¢m
imperative that monitoring by simple blood count would not baseline corrected and normalized to the,Giatisymmet-
be possible, and an optical method for following the biochem- ric band 2920 cnt1), which has the maximum absorbance
ical changes in WBCs would be more suitable. To further in this region. Other normalization methods such as amide |
substantiate this hypothesis, cases of child leukemia patientsfor the 800-1800 cm! region or vector normalization for
under treatment were tested. the entire spectra have also been tested and gave negligible
changes in the results. The various biochemical parameters
studied were glucog&2], phosphate leve[9,10,13] nucleic
2. Materials and methods acid ratio[14], lipid—protein ratio[15,16]

The blood samples were collected from the adult patient
with his consent. The adult was given a treatment regimen the3. Results
“7 and 3” protocol composed of Arabinoside-C (Ara-C) for
the first 7 days and Daunorubicin (Dauno) for the first 3days  During the period of study, the patient was treated with
as shown irscheme 1Blood from a group of normal people  a chemotherapy regimen which included Daunorubicin and
(eight healthy adults without any known clinical symptoms Ara-C (Scheme L These drugs affect all WBCs and cause
for any disease) was taken to serve as a control for com-biochemical changes and apoptosis. Representative normal-
parison. Blood samples from two children under treatment ized spectra of WBC from the adult leukemia patient on
for acute lymphoblastic leukemia (ALL) were taken after several days of treatment are presentelign 1a along with
obtaining consent of their parents and used as test cases. Erythe average spectra of WBC from healthy persons (dashed
throcytes, plasma and WBCs from blood of leukemia patients line) for identification of the major changes in the spectra dur-
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Scheme 1. Treatment regimen protocol for the adult AML patient. Dauno-Daunorubicin, Arabinoside-C (Ara-C), Neutro-Neutrophils.
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Fig. 1. (a) Representative spectra on different days of chemotherapy of an
adult AML patient along with the average spectrum of healthy controls
(dashed line). The important absorbance bands used in the analysis of the
spectral data are marked. The spectra are the averages of five measuremen
at different sites on each sample. The inset displays the expanded spectre
in the region 900-1000 crt. (b) The higher wavenumber region between
2835 and 3000 cmt normalized separately with respect to the 2925&m
band.

ing treatment. Itis observed froRig. 1thatthere are dynamic
changes in the intensities of the normalized spectra during
chemotherapy at various wave numbers, which correspond

to biochemicals like carbohydrates, nucleic acids, lipids and 5

other cellular components. One such wave number where
intensity changes are prominentis the band around 966 cm
which corresponds to absorbance due to nucleic acids anc
lipids [5,14,17] The second derivatives of the above spectra
(data not shown) were used to check the exact wavenumbel
of the important absorbance bands that could provide useful
parameters for monitoring. No significant shifts are observed
in the wave numbers studied. Decrease in the intensities of

are the molecules that mostly contribute to absorbance in
the region 9001185 cnt. Similarly there are major varia-
tions in the region 2800—-3000 cth, where the absorbance

is mainly due to CH and CH; stretching vibrations from the
lipids and proteinsKig. 1b). Itis striking that on day 27 when
the patient was discharged with a normal condition, the spec-
trum of the patient's WBCs closely resembled the healthy
volunteers WBCs spectra in both regiofsy 1a,b).

The normal levels of glucose found in the WBCs as quan-
tified by the spectral measurements in the patient during
different days (solid squares) and those of the reference group
of volunteers (open circles) are presented-ig. 2a. The
glucose was quantified from the second derivative spectra
[12]. To confirm that this type of calibration was accept-
able, the same methodology was verified on quantification
of plasma glucose level§ig. 2b). Fig. 2b shows that there
is a linear relation between the values obtained for glucose
by blood biochemistry and those obtained from the spectral
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Fig. 2. (a) Glucose level in WBC as quantified from the second derivative

several bands could be observed in the spectra on day 0 anapectra obtained during the treatment period. Open circles represent con-

day 4 compared to the normal adult (dashed line) indicat-
ing the decreased quantity of the corresponding biochemicals

trol population. (b) The levels of the plasma glucose as determined from

biochemical analysis versus values derived from FTIR-MSP showing the
representability of glucose level methodology in FTIR-MSP. The values are

due to leukemia. Glycogen (carbohydrates) and phosphatesverages of five measurements on each sample.
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=% 0081 ) phosphate level in later phases after chemotherapy is not due
§§ toblasts inthe peripheral blood but due to the return of normal
TN 004r 7 levels of phosphates in WBCs which becomes comparable
< . : to that of the healthy group. A similar result was obtained
ool o from the intensity of the antisymmetric phosphate which
0 5 10 15 20 25 P : ; ;
(b) Day of Treatment indicates that these perhaps reflect changes in nucleic acids

(Fig. 30).

Fig. 3. Changes in phosphate levels calculated by the integrated absorbance 1h€ WBC count of the patient also varied dramatically

between (a) 1065-1095 cth and (b) 1230-1240 ¢t normalized with during the treatment and reached the normal levels as shown

respect to the amide Il region at 1544thnThe values are average of five  in Fig. 4. The normal range of WBC is betweenx4l 03

different measurements on each sample. The solid Iir_]e and solid squaresyng 11x 103 Cellsl}xl which was observed for the control

show the trend for the adult AML patient. The open circles represent the . .

values obtained for the control group. population. .However, this simple blood cou.nt shquld not be
confused with the trends of phosphate depictelim 3a,b.

We note that the final phosphate level relative to the initial is
measurements. Thus, the values showhii 2a give good higher for an adult. However, the final levels are closer to the
representation of the amount of glucose (carbohydrate) in theaverage values of the normal group represented by the open
WBCs during leukemia treatmergig. 2a indicates that the  circles. This parameter has been earlier reported to increase
glucose level varies significantly in WBCs during treatment or decrease depending on individual cases rendering it as
but it is mostly within the normal control limits with no spe-  inconsistent for a general follow-up in case of any leukemia
cific trend during the entire duration of chemotherapy. This [9,10]. Therefore, in spite of the diagnostic possibility, we
rules out the possibility of considering this parameter as an do not advocate the utilization of this parameter alone for
effective marker to monitor the changes. monitoring biochemistry of the WBCs.

Fig. 3a depicts the parameters derived from the symmet- The spectra were analyzed for additional possible
ric vibrations of phosphates especially in nucleic acid (and biomarkers occurring due to absorbance form nucleic acids
also likely from proteins and lipids) absorbance normalized during chemotherapyig. 5shows the variation of the ratio
to amide Il. The solid line represents the trend of the phos- of integrated absorbance due to amide Il/amide I. This ratio
phate levels from WBC in adult. The data show an interesting has been indicated to represent the variation in nucleic acids
pattern with a “U shape”. The open circles again represent[14]. It is observed that there are significant fluctuations in
the level from eight normal persons, which were used for thisratio. However, at the end of the chemotherapy, the amide
control. The phosphate level falls in the initial days during Il/amide I ratio[9,10,14]reaches a normal level similar to the
induction of chemotherapy (up to day 7). A similar decrease control group represented by the open circles. This ratio can
in this ratio was reported earlier in apoptotic HL 60 c§l3]. be affected by several other parameters such as the amount of
Since the phosphates are mostly from the nucleic acids, thiswater in samples, the protein conformation and composition,
parameter shows similar trend in both cases. The increase irpresence/conformation of nucleic acids (factors that affect



R.K. Sahu et al. / Leukemia Research xxx (2005) xxx—xxx 5

— 0.85 T T T T T T T T T T ',_’2 1.1 T T T T T T T T T T T
19 0.80 1 g 1.0 B
< pas
T 075 = oo} 1
g 3 [/ S 2 S
< (Y]
To] Tl
= 0.70 & osk i
Py =
-E 0.65 2 .6
< 2 —=— Adult
= - —e— Child 1
g 060 2 el —aA— Child 2
IS =5 o Control
{ 1 i 1 i 1 i 1 1
0.55 - . L . . . L . L . L 0 5 10 15 20 25 30
0 5 10 15 20 25
Day of Treatment (a) Day of Treatment
Fig. 5. Variation in the amide Il/amide | ratios during the treatment period ~__ ! ' '
obtained from the integrated absorbance in the region. The solid line and = ¢.30}
solid circles display the trend for the adult. The open circles are the values E
obtained for the healthy group. The values are the averages of five different cf:’r
measurements on each sample. The solid line intends only to guide the eyes - 0251
and possibly represent the trends. =
§ o.20r
(o]
N
the amide | intensity) and thus the great variability from day = o.15f
to day can be expected. £ "
The lipids in the plasma membrane are composed mainly g 0.10f
of phospholipids that determine membrane stability, fluid- 3
ity and membrane enzymatic activity. Thus, monitoring lipid & 505k = . N
absorbance of in WBCs is an important diagnostic parameter. L N T

i 1 i
The lipid—protein ratios were calculated using the intensities 0 5 10 15 20 25
at 2852, 1740 and 1400 cth [15,16] Fig. 6a,b represents ~ © Day of Treatment

the I|p|d—prote|n ratl(.) for th.e. same adult and two Chlldrpen as Fig. 6. (a) Variation in the lipid—protein ratio as obtained form the
determ'_ned fromthelntensmes at2852,1740 and_l4 ’ M absorbance at 2852 and 1400¢hmafter min-max normalization in the
The lipid—protein ratio for the adultF{g. 6a, solid line) regions 2835-3000cm and 800-1800cm respectively for the adult
decreases till day 7 when the chemotherapy is terminated ancAML patient and two ALL children patients used as test cases. The intensity
thereafter the ratio increases. The final values at the end of thet 1400 cnt! was used for the quantification of the proteins. The data points
are the average of five different measurements on each sample. The open

treatmentreach anormal level and may have |mpllcat|ons for circles denote the values deduced for the healthy group. (b) The lipid—protein

diagnosis based on FTIR-spectroscopy. It is also noted thaty, ine aduit patient as calculated from the absorbance at 1748 after

the initial value on day zero (admittance day in the medical min-maxnormalizationin the regions 800-1800¢nThe ‘solid line’ gives
center) is slightly lower than the final value, which is similar the trend. The ‘open circles’ denote the values deduced for the healthy group.
to the healthy group. Therefore, this ratio maybe an impor- The data points are the averages of five different measurements on each
tant parameter for monitoring normalcy in WBCs population S2MP'e:

during chemotherapy. The adult patient was discharged after

day 27 when he was found to be in clinical remission. Our On the day of discharge from hospital in clinical remission.
data with FTIR also show that the spectra from WBCs were Since the spectra are normalized to amide | or amide Il which
biochemica”y normal on this day The return to norma|cy makes the protein constant, we can conclude that the ||p|dS
for the adult occurred on a different time scale than reported are the main cause for the changes in the lipid—protein ratio
for the children[9,10] as expected, since children normally Observed irFig. 6a. Furthermore, a separation could also be
respond faster/ig. 6a). Furthermore, in this figure we can achieved between the patient's WBCs and the control group
see that the patient's WBCs biochemistry returns towards using the values calculated from the second derivative of the
normal values with progression of time. These data are in aspectra (data not shown). The observations made in the case

good correlation with the clinical report of the patient and the Of children patients were also similaFig. 6a). It is inter-
clinical remission achieved. esting to note that the normalcy in the spectral parameters

Moreover, good correlation is observed with the medical in children occurred earlier. Moreover, both children reached
report (includes possible indication for high fever) till recov- the normalcy earlier and were confirmed to have shown early
ery as seen fromthe return to the average of normal population@nd good response to the treatment.

=
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4. Discussion spectral parameters are not in exact coherence with the mea-
sured numbers of WBCs indicating that it is the percentage of
FTIR-spectroscopy has been evaluated as a possiblethe blasts that is measured in the FTIR-MSP rather than the
means for disease diagnosis with a promise at least for detecabsolute quantity. However, the spectral featuFég.(1a,b)
tion of abnormality in body cells and fluidis8,19] Response  themselves are indicative of presence of higher number of
to chemotherapy in leukemia patients is a critical factor to blasts.
determine the treatment regimen and outlining the periods of  Among the various parameters studied, the integrated
induction and remission. It is also essential from the point phosphate absorbance normalized to amidgiy).(3a,b) and
of prescription of a maintenance period for the patient dur- the lipid—protein ratio of the WBCsFg. 6a,b) calculated
ing “consolidation regimen”. Thus, regular monitoring for from two different band intensities representing the lipids
presence of normal WBC, which is an indicator of the health [15,16]show promise as diagnostic parameters for monitor-
status of the patient, is required. ing the return to normalcy. This perhaps indicates the return
Cells exhibit variability in FTIR spectral characteristics of WBCs biochemistry to normal range implying a recovery
due to growth stagef3,15]. Thus, blasts when present in  of the immune system, reflected by the clinical improvement
higher proportions in a preparation of WBC would have dif- of the patient as shown iBcheme 1In earlier works, the
ferent spectra than the preparation of normal WBC. In the absorbance from the phosphate of nucleic acids was iden-
present study, we utilize this concept for detecting the return tified as a promising parameter for grading of malignancy
to normalcy of the WBC population, as a larger proportion [20]. In case of leukemia, the decrease in severity or the
of blasts in a random sample of WBC would confer different amount of blasts can represent different levels of cancer, the
spectral features in the FTIR-spectra. As the proportion of the more serious leukemia being analogous to the more severe or
blasts comes down and WBC of normal composition begins higher grade of cancer. However, when the data were eval-
to increase in the peripheral blood, the spectra of these WBCuated for the children, the parameter based on phosphate
from patients must match the spectra obtained for healthy absorbance was not very dependable as it varied from patient
controls. Though in the adult by normal process of WBC to patient[9,10]. On the other hand, the lipid—protein ratio
counts Fig. 4), there is no indication of leukemia, our cor- decreases initially and later increases, indicating apoptosis
responding FTIR measurements shows an abnormal spectran the beginning and the presence of normal WBCs later,
compared with the control. It is noteworthy that this patient as would be expected for a person undergoing chemother-
had a history of myelodysplastic syndrome (MDS), which apy. The variation in the lipid profiles and their reactions
differs from leukemia only in the number of blasts in the with the body fluids during carcinogenesis have been well
bone marrow (normally an MDS patient shows symptoms documented21,22). Thus, the variation in the lipid—protein
of leukemia within 2 years). Due to changes in the blood parameter may mainly reflect the varying proportion of lipids
count, a bone marrow examination was carried out which between normal WBCs and blasts in leukemia. It is seen
showed 30% of blast in the bone marrow. Further examina- that this ratio is efficient for the adulFi{y. 6a) compared
tion by immunophenotyping confirmed the diagnosis of acute to children who recovered from leukemia by induction of
myeloid leukemia (AML)-M1 subtype by the French Amer- chemotherapy9,10]. The lipid—protein parameter reached a
ican British (FAB) classification. In the present case study, normal value after 25 days for the adult.
the blast counts in peripheral blood were very low, with 5% Parameters based on lipid absorbance for diagnosis are
blasts, and the WBC profile was comparable to the normal a possible utility of FTIR-spectroscopy as has been recently
population. reported23]. Using both protein and lipid absorbance would
Itis observed fronfrig. 1that there are dynamic changesin help to normalize the values for a more general applica-
the intensities of the normalized spectra, at various wavenum-tion as there can be fluctuations in both these metabolites
bers during chemotherapy, which correspond to biochemi- from patient to patient and the proposed ratio would help to
cals like carbohydrates, nucleic acids, lipids and other cel- eliminate individual variations or artifacts due to different
lular components. One such wavenumber where intensity baselines. It is also noteworthy that till the time of report-
changes are prominent is the band around 966'¢mwhich ing of these observations (a period of 90 days after the adult
corresponds to absorbance due to nucleic acids and lipidswas admitted with leukemia), there has been no relapse, indi-
[5,14,17] The variation in this paramete¥ig). 1a inset) might cating the return to normalcy. Furthermore, we see that the
be a result of the presence of blasts where nucleic acid sig-patient's WBCs biochemistry returns towards normal values
nals are most likely to appe42]. The total WBC counts  with progression in time, which is in good correlation with
for the adult patient decreased initially up to day 10 due the clinical report of the patient and the clinical remission
to the effect of chemotherapy, became nearly stable till day achieved. Thus, the lipid—protein ratio may be an effective
20 and then increased dramatically till it reached near nor- way of monitoring return of a normal population of WBCs in
mal levels of WBC count (4-1% 10%/uL) on day 25-27 leukemia patients and may possibly be developed as a rapid,
(Fig. 4). It is worth noting that the adult was discharged on objective, simple and supplementary to existing techniques.
day 27 when the clinical symptoms and routine tests indicated We must mention that the patient suffered from pancytopenia,
that he was normal (remission). The changes in the variouswhich is a low WBC count, and thus normalcy at biochemical
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level could be detected by FTIR from a small sample. The [8] Ching-Hon P, Williams EE, Pharm D. Acute lymphoblastic leukemia.
utilization of a different form of leukemic WBCs (from chil- Drug Therapy 1998;339:605-13. o
dren) for validity of the ratios indicates the process maybe [°1 Ramesh J, Huleihel M, Mordehai J, Moser A, Erukhimovich V,
lizedRig. 6a). It also indicates that a normal popula- Levi C, et al. Preliminary results of evaluation of progress in
ge”era g. ) ) . . . p ,p chemotherapy for childhood leukemia patients employing Fourier-
tion of WBCs after_m_?atment inall patle_nts IS Ur"form_'n the transform infrared microscopy and cluster analysis. J Lab Clin Med
spectral characteristics that were studied, and confirms the  2003;141(6):385-94.
theory that each type of tissue or cells under normal condi- [10] Ramesh J, Kapelushnik J, Mordehai J, Moser A, Huleihel M, Erukhi-

tions has a unique signature in the FTIR-spectra movitch V, et al. Novel methodology for the follow-up of acute
’ lymphoblastic leukemia using FTIR microspectroscopy. J Biochem

Biophys Methods 2002;51(3):251-61.
[11] Hudson L, Poplack FC. Practical immunology. London: Blackwell

5. Conclusions Publication; 1976.
[12] Shen YC, Davies AG, Linfleld EH, Elsey TS, Taday PF, Arnone DD.
We evaluated biomarkers. derived from ETIR spec- The use of Fourier-transform infrared spectroscopy for the quanti-

tral m rement n WBCs from leukemi tient tative determination of glucose concentration in whole blood. Phys
al measurements o S rom a leukemia patient,  y.q iol 2003:48(13):2023-32.

which could be suitable for monitoring return of normalcy. [13] Gaspari F, Muzio M. Monitoring of apoptosis of HL60
Among these, two parameters derived from lipid and pro- cells by Fourier-transform infrared spectroscopy. Biochem J
tein absorbance showed promise and can possibly be used 2003;369:239-48.

in tandem or as an additional foIIow—up technique to the [14] Benedetti E, Bramanti E, Papineschi F, Rossi |, Benedetti E. Deter-

conventional methods. A larger database to confirm these mination of the relative amount of nucleic acids and proteins in
’ 9 leukemic and normal WBC by means of Fourier transform infrared

observations on AML and other types of leukemia is highly microspectroscopy. Appl Spectrosc 1997:51:792-7.

desirable. [15] Mourant JR, Yamada YR, Carpenter S, Dominique LR, Freyer
JP. FTIR spectroscopy demonstrates biochemical differences in
mammalian cell cultures at different growth stages. Biophys J
2003;85(3):1938-47.

[16] Gaigneaux A, Ruysschaert JM, Goormaghtigh E. Infrared spec-
troscopy as a tool for discrimination between sensitive and
This research work was supported by the Israel Science  multiresistant K562 cells. Eur J Biochem 2002;269(7):1968—

Foundation (ISF Grant No.: 788/01), and the Israel Cancer _ 73. o

Association (ICA). [17] Naumann D. FT-Infrared and FT-Raman spectroscopy in biochem-

ical research. In: Gremlich H-U, Yan B, editors. Infrared and
Raman spectroscopy of biological materials, Practical Spectroscopy
Series, 24. Newyork: Basel: Marcel Dekker, Inc; 2001. p. 323—
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