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Abstract. Visible-near infrared spectroscopy was successfully used for
the determination of total hemoglobin concentration in whole blood.
Absorption spectra of whole blood samples, whose hemoglobin con-
centrations ranged between 6.6 and 17.2 g/dL, were measured from
500 to 800 nm. Two different types of transmission were measured:
conventional transmission spectroscopy which collected primarily
collimated radiation transmitted through the sample, and total trans-
mission spectroscopy which used an integrating sphere to collect all
scattered light as well. Different preprocessing techniques in conjunc-
tion with a partial least squares regression calibration model to predict
hemoglobin concentrations were applied to the above two types of
transmission. Depending on different preprocessing methods, the
standard error of predictions ranged from 0.37 to 2.67 g/dL. Mean

Seoul 135-710, Korea centering gave the most accurate prediction in our particular data set.

Gilwon Yoon Preprocessing methods designed for compensation of the scattering
effect produced the worst results contrary to expectations. For univari-
ate analysis, better prediction was achieved by total transmission
measurement than by conventional transmission measurement. No
significant difference was observed for multivariate analysis on the
other hand. Careful selection of the data preprocessing methods and
of the multivariate statistical model is required for reagentless deter-

mination of hemoglobin concentration in whole blood. © 20071 society of
Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1344588]
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1 Introduction bin concentration in whole blood for noninvasive hemoglobi-

Hemoglobin concentration is one of the important blood sub- Nometry. They used several wavelengtfiie best result was
stances. The hemiglobinocyanide method is often used to de-Obtained with a set of 1626, 1628, and 1638 (B&P: 0.32
termine hemoglobin concentrations. This method requires re- 9/dL). Valyi-Nagy and co-workers determined the relation-
agent and blood lysis. A few techniques for hemoglobin ship between reference hemoglobin data and values of the
measurement in whole blood without using reagents and second derivative of thieg(1/TF) spectra. Hemoglobin con-
blood lysis have been tried. Schmalzel et al. developed ancentrations were determined by multiple linear regression
optical hemoglobinometer that directly measures the hemo- (MLR) using three- and four-term linear summation equa-
globin concentration in whole and undiluted blood@he de- tions. The best standard error of cross-validd®HCV) per-

vice uses an infrared light emitting diod@13 nm to illumi- formance was 1.25 g/dL with a four-term model over the
nate a capillary tube where the accuracy appears te<be range from 5.9 to 20 g/dE.

g/dL. Kuenstner and co-workers measured hemoglobin con-  To reduce vulnerability of the spectral interference by
tent with a standard error of 0.43 g/dL using a single term other blood components, the absorption spectrum is measured
second derivative ratio ofog(1/T) data at 1740 and 1346  over a certain range of wavelengths and the multivariate
nm? They measured the spectra of human hemoglobin in the analysis is applied. Among the multivariate analysis tech-
near |nfrar_ed region fron_w 1OOQ to 2500 nm and exp_lalned why niques, partial least squares regressi®L.SR has been
hemoglobin concentration might be measured in unlysed yigely used. Previous studies have shown that the PLSR tech-
blood using near infrared spectroscaiiy. addition, they pre- nique is a useful todi” In general, data preprocessing tech-
sented near infrared spectroscopic measurements of hemoglohiques such as the first and second derivatives and digital

Fourier filtering may have to be used to minimize unwanted
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spectral features such as baseline variations beforetometer. The DRA had an integrating sphere attached to the
calibration®~! Predictions in the multivariate analysis can be backside of the cuvette to collect all light scattered through
influenced to a great extent, depending on what types of datathe sample.

preprocessing technigues are used. So far, no systematic com-

parison has been made to address the effects of preprocessing.

In addition, blood samples containing a variety of particles 2.3 Data Analysis

induce scattering. It is not known whether scattering of & geyenty out of a total of 95 spectra from 95 individuals were
sample may induce any unpredictable influence such as pathyangomly chosen as the calibration set and the remaining 25

length variation with respect to the wavelength in absorption gpectra were used as the prediction set for univariate analysis

spectroscopy. , o _and multivariate analysis.
In this study, we applied PLSR for predicting hemoglobin

concentrations based on absorption spectra measured over the
band of a certain wavelength instead of using absorbance at2 3.1
several discrete wavelengths. Absorption spectra of whole 2 : -
blood samples whose total hemoglobin concentrations rangedR”: the standard error of calibratioql®EQ and the standard
between 6.6 and 17.2 g/dL were measured from 500 to 800 error of prediction' SEP were computedR? is the coefficient
nm. Two types of transmission measurements were studied:that indicates the goodness of it for a linear regression model
conventional transmission spectroscopy defined in this studyand is calculated taking the squares of the correlation coeffi-
as the collection of collimated radiation exiting the sample as cient between absorbance and concentration. SEC is the
seen in any spectrophotometer, and total transmission specSduare root of the mean of the squared differences between
troscopy using an integrating sphere to collect all scattered Measured and predicted values using the calibration set. SEP
light that passes through the sample. Whole blood containsiS the square root of the mean of the squared differences be-
diverse components, which induce light scattering. Usually a tween measured and predicted values using the prediction set.
spectrophotometer measurement does not capture scattered
light due to the limited size of the detector which is not near
the sample. Total transmission was measured by placing an2.4.2 Multivariate analysis (PLSR analysis)
integrating sphere just behind the sample in order to study the Before applying the PLSR model, spectra were exposed to
influence of scattered light. Two issues were investigated for various preprocessing methods. They wéreMean center-
reagentless determination of the total hemoglobin concentra-ing: the mean spectrum of all the spectra in the calibration set
tion: the effect of data preprocessing and the influence of the is calculated and is subtracted from each specti@nyari-
transmission measurement method. ance scaling: each spectral data point is divided by the stan-
dard deviation of all calibration spectré) Autoscaling: au-
toscaling is mean centering followed by variance scal{dy.
2 Materials and Methods Multiplicative scatter correctiofMSC): each spectrum is nor-
malized according to the average spectrum of calibration set.
This is calculated by the regression of each spectrum with
from 95 outpatients. Hemoglobin values were measured by gnd offset effects(5) Standard normal variatéSNV): this
the hemiglobinocyanide methodHICN) with Sysmex  normalizes spectra by computing and removing the mean
SE8000(Kobe, Japah Blood was diluted with a solution of  ygjue of each spectrum, and then scaling to the variaite.
potassium ferricyanide and potassium cyanide. Absorbancenormalize: normalization of spectra is accomplished by di-
was measured at 540 nm and then compared to that of ayiding each absorbance at each wavelength by the sum of the
standard solution. Measured hemoglobin concentrations gphsorbance spectruni7) Savitsky—Golay 1stSG 1s}: a
ranged from 6.6 to 17.2 g/dL. The precision of this reference simple polynomial is fitted to a window containing a center
method was about 1%. data point and(n—1)/2 points on either side. A window
width is selected and the point in the center of the window is
. L. replaced with the 1st derivative of the polynomial estimate of
2.2 Measurt.em.ent of Conventional Transmission and that point. We used five point SG 1st preprocessing.
Total Transmission Spectra Preprocessing and PLSR model analysis were performed
A whole blood samplé26 uL) was put into a Hellma quartz ~ with the multivariate analysis program of SChemo™ devel-
SUPRASIL cuvettgRijswijk, The Netherlandswith a path- oped by the authors. The optimal number of factors was de-
length of 0.1 mm that had detachable windows. Conventional termined by the one-in-one-out cross validation dndest
transmission spectra at the 500—-800 nm band were measuredvith a significance level of 5%. The whole spectry&®0—
at 1 nm intervals by a Varian Cary 5G spectrophotometer 800 nm and a partial spectrurtb00—650 nm were used for
(Melbourne, Australipwhich is equipped with a R928 pho- data analysis. According to the univariate analysis, the region
tomultiplier tube (PMT) detector and a visible lamp. The above 650 nm had a lower correlation with the concentrations.
spectral bandwidth was 2 nm. Two scans were averaged forThe 500—650 nm region was used to check whether the re-
each sample and air was used as a reference. Acquisition of agion of 650—800 nm would or would not contain meaningful
single scan took 27 s. Samples were scanned at room temdinformation for the multivariate calibration. For each
perature. Total transmission spectra were acquired by a dif- algorithm/preprocessing technique, the performance level in
fuse reflectance accessdiyRA) of the Cary 5G spectropho- terms of the SEP was compared.

Univariate analysis

2.1 Acquisition of Blood Samples
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Fig. 1 (a) Conventional transmission spectra of whole blood in the transmission spectra. R? ranged from 0.21 to 0.97, SEC; 0.53-2.66
calibration set and the scatter plot of absorbance at 542 and 577 nm (g/dL) and SEP; 0.68-3.66 (g/dL). ' ’

vs hemoglobin concentrations. Visible-NIR absorption spectra were
measured by the Cary 5G spectrophotometer. (b) Total transmission
spectra of whole blood in the calibration set and the scatter plot of

absorbance at 542 and 577 nm vs hemoglobin concentrations. Trans- The results of the univariate analysis are shown in Figure
mission including scattered radiation was measured by the diffuse 2. Total transmission spectra produced better results com-
reflectance accessory of Cary 5G spectrophotometer. . : -
pared with those of conventional transmission spectra as ex-
pected and showed lower SECs and SEPs and higRist
Figure 2a) showsR?, SEC, and SEP at each wavelength in
the region of 500—-800 nm computed from conventional trans-
3 Results mission spectraR? ranged from 0.37 to 0.83, SEC; 1.25—
Figure Xa) showed conventional transmission spectra of the 2.37 (g/dL) and SEP; 1.32-2.5@/dL). Wavelengths longer
whole blood samples in the calibration set acquired by the than 650 nm had a value & lower than 0.4 where SEP had
Cary 5G spectrophotometer and the scatter plots between hean inversely proportional shape with respect to the absorbance
moglobin concentration and absorbance at 542 and 577 nm.spectrum of hemoglobin. Figure€t® shows the results of total
These wavelengths correspond to absorption peaks of oxyhetransmission spectraR? ranged from 0.21 to 0.97, SEC;
moglobin. Total transmission spectra obtained using the DRA 0.53-2.66(g/dL) and SEP; 0.68—3.6€g/dL). For the total
are illustrated in Figure (b). The spectra in Figure 1 showed transmission spectra, wavelengths shorter than about 580 nm
a similar absorption shape of oxyhemoglobin peaks. Freshly showed a consistent value of SEP, about 0.75 g/dL.
drawn blood was used to acquire the spectra. It was not sufficient to predict total hemoglobin with ab-
Significant baseline variation was observed with conven- sorbance at a single wavelength. The results of PLSR analysis
tional transmission spectra as shown in Figu(a).10n the based on many wavelengths are summarized in Tables 1 and
other hand, the baseline difference among spectra was re-2. The optimal number of factors, SER? of the calibration
duced noticeably with the total transmission spetEmure set, SEPR? and the mean percent erdPE) for predictions
1(b)]. It appeared that some baseline variation observed in were compared. Multivariate analysis based on 500—-800 nm
Figure Xa) might be caused by the scattering effect in blood. (Table ) showed better prediction results than those based on
The same feature was generally observed in all 95 spectral500—-650 nm(Table 2 for both conventional and total trans-
data. Total transmission spectra appeared to be related to hemission spectra. According to the correlation graphs, the
moglobin values at first glance, which was verified in the wavelength region longer than 650 nm had lower correlation
univariate analysis. coefficients. However, the multivariate analysis including
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Table 1 Multivariate analysis with different preprocessing for determination of total hemoglobin concentrations in whole blood (500-800 nm).

Conventional Transmission Spectra Total Transmission Spectra
Optimal Optimal
Preprocessing number of SEC SEPP number of SECe SEPP
methods factors R?¢ R2¢ MPE? factors R?c R2¢ MPE¢
No 3 0.49 0.52 3.52 ) 0.19 0.47 2.80
pretreatment 0.98 0.97 1.00 0.98
Mean 3 0.38 0.37 2.36 6 0.18 0.38 2.51
centering 0.98 0.99 1.00 0.98
Variance 4 0.48 0.51 3.56 3 0.35 0.54 3.45
scaling 0.98 0.98 0.99 0.97
Auto scaling 3 0.42 0.38 2.52 3 0.30 0.48 3.21
0.98 0.98 0.99 0.98
MSCe 2 0.94 1.00 7.71 2 2.43 2.67 21.05
0.90 0.91 0.36 0.28
SNV 2 0.94 1.01 7.46 2 2.43 2.64 20.61
0.90 0.91 0.36 0.28
Normalize 3 0.63 0.51 3.64 5 1.13 1.46 10.60
0.96 0.97 0.87 0.77
SG 1st(5)9 3 0.55 0.63 4.45 3 0.28 0.49 3.25
0.97 0.97 0.99 0.98

@ SEC (g/dL): Standard error of calibration.

b SEP (g/dL): Standard error of prediction.

¢ R?: Coefficient of determination.

9 MPE: Mean percent error for predictions.

¢ MSC: Multiplicative scatter correction.

 SNV: Standard normal variate.

9 SG 1st(5): Savitsky-Golay 1st derivative using five points.

651-800 nm showed more robust calibration and better pre-were needed to explain low noisy baselines in 650-800 nm.
diction. This region might provide additional information for According to the univariate analysis, wavelengths longer than
multivariate analysis to compensate for the errors induced by 650 nm generally have lowd®? in total transmission spectra
instrument drift, light scattering, sample pathlength, etc. than in conventional transmission spectfagure 2. Lower

As shown in Tables 1 and 2, the preprocessing methods of R> made the PLSR for total transmission spectra need more
MSC, SNV, and normalize produced more errors compared factors than that for conventional transmission spectra. For
with other methods. MSC, for example, was designed to com- the multivariate analysis of 500—650 nm summarized in Table
pensate for the scattering effect. On the contrary, MSC gen- 2, the optimal number factors are smaller with total transmis-
erated much a higher prediction error. In Figure 3 where data sion measurement.
were preprocessed by MSC, all spectra looked indistinguish-  Figure 4 presents reference and predicted values of hemo-
able in terms of hemoglobin concentrations. There seemed toglobin for the two best calibration models. For both cases, the
be little correlation between absorbance and concentration.prediction data set fell close to an ideal line with little devia-
SNV and normalize also showed the same tendency as MSCtion. The precision of the reference method was about 1%
When absorption spectra were obtained under a well- and, in clinics, the acceptable precision for determination of
controlled environment, information regarding hemoglobin hemoglobin concentration is up to 7%According to our
concentrations became indistinguishable from one another af-results, the MPE values were within an acceptable precision.
ter going through the processes of scattering correction, nor-The data are shown in Table(talues of about 3%
malizing, etc. This is shown as poor PLSR results of the
MSC, SNV, and normalization in Tables 1 and 2.

For the best prediction in Table (inean centering, 500— . .
800 nm), the PLSR for total transmission spectra required six 4 Discussion
factors compared to three factors for conventional transmis- Light transmitted through whole blood scatters into different
sion spectra. To the contrary, for mean centering in 500—650 directions. It was expected that collection of scattered as well
nm (Table 2, the PLSR for both types of spectra needed two as transmitted radiation using an integrating sphere would
factors. It appeared that additional factors for 500—800 nm provide more accurate results. Total transmission spectra
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Table 2 Multivariate analysis with different preprocessing for determination for total hemoglobin concentrations in whole blood (500-650 nm).

Conventional Transmission Spectra Total Transmission Spectra
Optimal Optimal
Preprocessing number of SEC SEPb number of SECe SEPb
methods factors R R MPE® factors R2e R2e MPE®
No 4 0.54 0.52 3.76 1 0.59 0.71 4.61
pretreatment 0.97 0.97 0.97 0.95
Mean 2 0.49 0.40 2.88 2 0.46 0.57 3.72
centering 0.97 0.98 0.98 0.97
Variance 5 0.49 0.52 3.62 2 0.57 0.69 4.39
scaling 0.98 0.97 0.97 0.95
Auto scaling 2 0.47 0.39 2.88 2 0.46 0.60 3.84
0.98 0.98 0.97 096
MSCe 2 1.12 1.38 10.29 2 2.45 272 21.57
0.86 0.80 0.35 0.25
SNVf 2 1.12 1.38 9.87 1 3.03 3.06 23.42
0.86 0.80 0.07 0.25
Normalize 2 0.73 0.74 4.97 2 1.66 2.00 13.90
0.94 0.94 0.70 0.60
SG 1st(5)¢ 3 0.56 0.65 4.60 2 0.48 0.54 3.23
0.97 0.97 0.98 0.97

@ SEC (g/dL): Standard error of calibration.

b SEP (g/dL): Standard error of prediction.

¢ R2: Coefficient of defermination.

4 MPE: Mean percent error for predictions.

¢ MSC: Multiplicative scatter correction.

F SNV: Standard normal variate.

9 SG 1st(5): Savitsky-Golay 1st derivative using five points.

showed less baseline variations than transmission spectra. Fom terms of SEPs could be achieved for both conventional and

univariate analysis, total transmission spectra generated bettetotal transmission spectra. It appears that baseline variations
prediction than conventional transmission spectra did. For seen in conventional transmission spectra can be adequately
multivariate analysis, on the other hand, comparable accuracyhandled with proper PLSR analysis.
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Fig. 3 MSC preprocessed spectra of the calibration set and the scatter plot of absorbance at 542 and 577
nm vs hemoglobin concentration (a) using conventional transmission measurement and (b) using total
transmission measurement.
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Fig. 4 Prediction of total hemoglobin concentrations using the spec-
tral range of 500-800 nm in (a) mean-centered conventional transmis-
sion spectra (three PLSR factors) and (b) mean-centered total transmis-
sion spectra (six PLSR factors).

For multivariate analysis, the best results in terms of SEPs
in our particular study were achieved when measured spectra

were preprocessed by mean centering. Mean centering was

appropriate since it merely shifted the levels of spectra with-
out altering relative intersample relationships. Variance scal-
ing gave comparable results compared with raw spectra with

no pretreatment. MSC and some others produced even worsei1.
results compared with the no pretreatment case. We observed

that various degrees of accuracy in prediction could be ob-
tained, depending on what types of preprocessing techniques
were applied.
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Absorption spectra may be affected not only by the con-
centration of a target component, but also by other sources.
They could be pathlength variations caused by wavelength,
selective absorption, electronic drift, etc. Often they are not
correlated with the target component. This study proves that
in vitro total hemoglobin prediction based on visible-near in-
frared (vis-NIR) spectroscopy measurement/PLSR prediction
can be a viable tool. However, careful selection of data pre-
processing and multivariate statistical analysis should be
made in order to reduce undesirable influences other than a
target concentration for reagentless determination of hemo-
globin concentration of whole blood. When one has to use
only a few wavelengths in the prediction instead of exploring
many wavelengths, total transmission measurement is recom-
mended as transmission measurement setup.
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