Quantification of Hemoglobin Concentration in Whole Blood using Raman
Spectroscopy



Citation: )D]0Q ) 6XEHIN O =KGDQRY $< %XQFK =_O = DWHQ &$ HI D)

5DPDQ 6SHFIURVFRS\. J Anal Bioanal Tech 13: 482.

AXDQIL,FDILRQ RI +HPRJIRELQ &RQFHQIDIRQ LQ = KRIH %IRRG XVIQJ

Page 2 of 9

concentration, 251 whole blood samples were collected from June to
July 2022. Twenty-six of these samples were lost due to operator errors
such as improper volume used or bubbles present in the sample. All
samples were collected from participants by one phlebotomist at ve
di erent collection sites over ve di erent days and were measured by
three operators on site. Participants were guided through the informed
consent process, two vials of blood were drawn, and the participants
were given compensation for their time and assistance. Figure 1
provides the distribution of age, sex, ethnicity, and Hgb concentration
of these samples. e Hgb concentrations ranged from 9.5-17.2 g/
dL and show a normal distribution with the majority of sample
concentrations between 12.5-14.5 g/dL. To extend the measured Hgb
range to adequately cover a clinically signi cant range, two tubes of
blood were collected from each of four participants in August 2022.
One of the two tubes was placed in a centrifuge for  een minutes
at 3,500 RPM to separate RBCs from serum. e Hgb concentration
of the second tube was arti cially increased or decreased by adding
RBCs or serum, respectively, from the rst tube. RBCs and serum
were never mixed between participant samples. is procedure
produced an additional 49 concentrations that were added to the 225
successful measurements and used to develop a Raman based Hgb
model. A separate validation data set of 46 natural and 36 arti cially
adjusted whole blood samples were collected in September 2022 to test
the e ectiveness of the Raman based Hgb model.  ese samples are
herea er referred to as the “validation data set”. e validation data
set was collected over ve days at three di erent collection sites and
measured by six di erent operators. e Hgb concentration of the
arti cially adjusted samples was altered via the addition of RBCs or
serum as described above. Information on the samples used in the
validation data set is given in Table S1 of the Appendix. e detection
limits for the Raman method described in this study were assessed
using ve additional samples diluted to <2 g/dL Hgb concentration
and ve serum “blank” samples. Detection limits samples were
refrigerated between measurement days and allowed to reach thermal

equilibrium with the laboratory before measurements were collected.
Hgb concentration, in units of g/dL, was determined for all samples
described above using either or both the Sysmex XN-10 Automated
Hematology Analyzer located at AdventHealth Tampa in Tampa,
Florida or the HemoCue Hb 301 System located at Kaligia Biosciences,
LLCinLargo, Florida. e Sysmex XN-10 uses the sodium lauryl sulfate
method and the HemoCue uses spectrophotometry to determine Hgb
concentration. All natural whole blood samples measured by Raman
were venous drawn collections in either BD Vacutainer 6 mL No
Additive Plus Tubes or Covidien™ Monoject™ 10 mL K3EDTA Blood
Collection Tubes. Samples measured by Sysmex XN-10 or HemoCue
were venous drawn collections in either Covidien™ Monoject™ 10 mL

K3EDTA Blood Collection Tubes or Vacuetted Tube 2 mL or 3 mL otoMFloriyt
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analysis method was chosen to determine the Lob in which the 60
measurements were ordered from smallest to largest and the LoB is
determined based on a critical rank position. is rank position is
determined using the following equation [24]:

Rank Position = 05 + (B - Pctz) [1

Where B is the number of measurements and Pct is the percentile
for the distribution of blank samples. For this study, the 95" percentile
was chosen, giving a rank position of 57.5. As there are no half ranks,
the average of the 57" and 58'" rank positions is used to determine a LoB
of 0.4 g/dL. Table S2 in the Appendix gives the observed blank sample
measurement results. To determine the LoD, ve samples were diluted
with serum to produce Hgb concentrations between 0.9-1.9 g/dL. Similar
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Table S2
Day | Replicate| Sample Sample Sample Sample Sample
380 383 384 387 388
Blank 1 Blank 2 Blank 3 Blank 4 Blank 5
1 1 0.3 0.4 0.4 0.4 0.3
2 0.3 0.4 0.4 0.4 0.3
3 0.3 0.4 0.4 0.4 0.3
4 0.3 0.4 0.4 0.4 0.3
2 1 0.3 0.4 0.4 0.4 0.3
2 0.3 0.3 0.4 0.3 0.3
3 0.3 0.4 0.3 0.4 0.3
4 0.3 0.3 0.4 0.4 0.3
3 1 0.3 0.4 0.4 0.4 0.3
2 0.3 0.4 0.4 0.4 0.3
3 0.3 0.4 0.4 0.4 0.3
4 0.3 0.4 0.4 0.4 0.3
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Performance Validation

A performance validation test was performed using H15-A3
Reference and Selected Procedures of the Quantitative Determination
of Hemoglobin in Blood; Approved Standard — ird Edition [26]
and EP09¢c Measurement Procedure Comparison and Bias Estimation
Using Patient Samples — 3¢ Edition [27] as guidelines for experimental
setup and data analysis. To assess if any measurements were outliers,
the generalized extreme studentized deviate (ESD) method was used
[27]. One natural sample (Sample 327) and two arti cial samples
made from this natural sample (Samples 327 spk and 327 dil2) were
found to show aberrant behavior and were deemed as outliers. A third
arti cial sample that was made using Sample 327 was also removed
from analysis. It is currently unknown as to why this sample showed
aberrant behavior compared to the other samples, or why this behavior
was observable in all arti cially adjusted samples made from it. Figure
5A shows the calibration, detection limits, and validation data sets along
with the Raman based Hgb model. e validation data set falls in the
expected region showing consistent behavior with the calibration data
set samples. Figure 5B shows the Hgb concentration of the validation
data set determined using the Raman method vs the HemoCue results.

e SD of the validation data set shown in Figure 5B is 1.0 g/dL, which
is similar to the SD of the calibration data set. A linear t of the data
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shown in Figure 5B has an intercept at 0.23, a slope of 0.99, and a
Pearson’s coe cient (r) value of 0.952. Figure 5C shows a di erence
plot that may be used to estimate bias. s is accomplished using the
following equation [27]:

d = %;L{.'J'l' - _rI-JI.-’N[3]

Where d is the bias, y is the Raman measured Hgb concentration
in g/dL, x, is the HemoCue measured Hgb concentration in g/dL,
and N is the number of measurements. For the distribution shown in
Figure 5C, the average bias is 0.09 g/dL. Finally, Figure 5D shows a
histogram with a bell-shaped normal distribution about a di erence
between measurement procedures of ~0.0 g/dL Hgb. e results from
the validation data set show that the Raman method agrees well with
an already established PoC medical device and is able to consistently
measure the Hgb concentration of whole blood over a clinically
signi cant concentration range. is demonstrates signi cant
prospects for the measurement of Hgb concentration in the medical
eld using Raman. Due to the ease of use, cost e ectiveness, and rapid
results calculation of Raman spectroscopy, it could be used as a rapid
screening method for anemia in PoC facilities or as a more rigorous
laboratory method for quanti cation of Hgb.
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Figure 5: The results of the validation study. (A) Hgb concentration vs intensity ratio plot showing the calibration data set (red) validation data set (green) detection limit
experiment data set (blue) and the Raman based Hgb model (black line). (B) : Relationship of Hgb concentration determined using the Raman method vs the HemoCue Hb
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Advantages and Limitations

Raman spectroscopy o ers a variety of advantages over currently
existing manual laboratory methods of determining Hgb concentration.
Raman spectroscopy requires no reagents, making it a safer alternative
to methods that utilize harmful reagents such as cyanide [3].
Additionally, the purchase, maintenance and disposal of expensive
reagents are not needed, and thus the method requires less cost to
run. e method described in this study does not require extensive
training for technicians. e technician only needs to pipette 340 L
of blood into the sample container. Raman spectrometers are available
in several di erent sizes and can t in most labs easily. e smaller
versions are even portable. For example, the Rapid Bio uid Analyzer
device in this study only weighs ~12 Ibs. e technique described in this
study uses 340 L of blood, which allows for more hematological tests
to be run with a single venous drawn blood sample. Finally, Raman
spectroscopy has the potential to measure several analytes at the same
time. is is described in the next section in more detail.  ere are
some limitations to using Raman spectroscopy to analyze Hgh. e
main limitation of Raman spectroscopy is the resolution of the data.

e proportion of inelastically scattered photons is signi cantly lower
than the proportion of elastically scattered photons.  is means that
Raman signals are relatively weak and require the use of expensive
gratings and CCDs to accurately resolve. As a result, the initial cost of
purchasing the instrument can be high.  is is, however, o set by the
low cost of running the instrument. Raman spectroscopy also requires
consistent measurement parameters to produce consistent results.

e laboratory conditions must be controlled (e.g., climate) and the
collection parameters, such as time, excitation wavelength, focus, etc.,
must be constant. One main limitation of the method described in this
study is that the throughput is limited due to the manual nature of the
technique. e procedure and method described above is intended
as an alternative to manual laboratory based or PoC methods of
determining Hgb concentration which are used in facilities with smaller
throughputs. e samples themselves can be measured and processed
in less than two minutes, thus the amount of time that a patient must
wait for results will depend more upon the length of the queue and less
upon the length of analysis.  is can be mitigated with auto-sampling
devices and similar technological upgrades.

Prospects with Other Analytes

e Raman method has the potential to quantitatively measure
several analytes in addition to Hgb. When using whole blood,
the resonance of the heme structure is so strong that it limits the
reasonably detectable analytes to hemoporphyrins [11]. We found
correlations in the Raman spectral properties of whole blood with Hgb,
hematocrit (Hct), and RBC. However, if blood serum is used, several
other analytes become reasonably detectable.  ese analytes include
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