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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
centering gave the most accurate prediction in our particular data set.
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. © 2001 Society of
Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1344588]
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visible-near infrared (visible-NIR) spectroscopy; reagentless; chemometrics.

Paper JBO-20006 received Mar. 3, 2000; revised manuscript received Nov. 21,
2000; accepted for publication Dec. 7, 2000.
-

d
n
-

e

lo

bi-

n-
the

-
ion
a-

he

by
ured
ate
ch-

ech-
h-
ital

ed
1 Introduction
Hemoglobin concentration is one of the important blood sub
stances. The hemiglobinocyanide method is often used to de
termine hemoglobin concentrations. This method requires re
agent and blood lysis. A few techniques for hemoglobin
measurement in whole blood without using reagents an
blood lysis have been tried. Schmalzel et al. developed a
optical hemoglobinometer that directly measures the hemo
globin concentration in whole and undiluted blood.1 The de-
vice uses an infrared light emitting diode~813 nm! to illumi-
nate a capillary tube where the accuracy appears to be,1
g/dL. Kuenstner and co-workers measured hemoglobin con
tent with a standard error of 0.43 g/dL using a single term
second derivative ratio oflog(1/T) data at 1740 and 1346
nm.2 They measured the spectra of human hemoglobin in th
near infrared region from 1000 to 2500 nm and explained why
hemoglobin concentration might be measured in unlysed
blood using near infrared spectroscopy.3 In addition, they pre-
sented near infrared spectroscopic measurements of hemog
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bin concentration in whole blood for noninvasive hemoglo
nometry. They used several wavelengths.4 The best result was
obtained with a set of 1626, 1628, and 1638 nm~SEP: 0.32
g/dL!. Valyi-Nagy and co-workers determined the relatio
ship between reference hemoglobin data and values of
second derivative of thelog(1/TF) spectra. Hemoglobin con
centrations were determined by multiple linear regress
~MLR! using three- and four-term linear summation equ
tions. The best standard error of cross-validated~SECV! per-
formance was 1.25 g/dL with a four-term model over t
range from 5.9 to 20 g/dL.5

To reduce vulnerability of the spectral interference
other blood components, the absorption spectrum is meas
over a certain range of wavelengths and the multivari
analysis is applied. Among the multivariate analysis te
niques, partial least squares regression~PLSR! has been
widely used. Previous studies have shown that the PLSR t
nique is a useful tool.6,7 In general, data preprocessing tec
niques such as the first and second derivatives and dig
Fourier filtering may have to be used to minimize unwant
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spectral features such as baseline variations befor
calibration.8–11 Predictions in the multivariate analysis can be
influenced to a great extent, depending on what types of dat
preprocessing techniques are used. So far, no systematic co
parison has been made to address the effects of preprocessi
In addition, blood samples containing a variety of particles
induce scattering. It is not known whether scattering of a
sample may induce any unpredictable influence such as pat
length variation with respect to the wavelength in absorption
spectroscopy.

In this study, we applied PLSR for predicting hemoglobin
concentrations based on absorption spectra measured over
band of a certain wavelength instead of using absorbance
several discrete wavelengths. Absorption spectra of whol
blood samples whose total hemoglobin concentrations range
between 6.6 and 17.2 g/dL were measured from 500 to 80
nm. Two types of transmission measurements were studied
conventional transmission spectroscopy defined in this stud
as the collection of collimated radiation exiting the sample as
seen in any spectrophotometer, and total transmission spe
troscopy using an integrating sphere to collect all scattere
light that passes through the sample. Whole blood contain
diverse components, which induce light scattering. Usually a
spectrophotometer measurement does not capture scatter
light due to the limited size of the detector which is not near
the sample. Total transmission was measured by placing a
integrating sphere just behind the sample in order to study th
influence of scattered light. Two issues were investigated fo
reagentless determination of the total hemoglobin concentra
tion: the effect of data preprocessing and the influence of th
transmission measurement method.

2 Materials and Methods
2.1 Acquisition of Blood Samples
Whole blood specimens that contained EDTA were obtained
from 95 outpatients. Hemoglobin values were measured b
the hemiglobinocyanide method~HiCN! with Sysmex
SE8000~Kobe, Japan!. Blood was diluted with a solution of
potassium ferricyanide and potassium cyanide. Absorbanc
was measured at 540 nm and then compared to that of
standard solution. Measured hemoglobin concentration
ranged from 6.6 to 17.2 g/dL. The precision of this reference
method was about 1%.

2.2 Measurement of Conventional Transmission and
Total Transmission Spectra
A whole blood sample~26 mL! was put into a Hellma quartz
SUPRASIL cuvette~Rijswijk, The Netherlands! with a path-
length of 0.1 mm that had detachable windows. Conventiona
transmission spectra at the 500–800 nm band were measur
at 1 nm intervals by a Varian Cary 5G spectrophotomete
~Melbourne, Australia! which is equipped with a R928 pho-
tomultiplier tube ~PMT! detector and a visible lamp. The
spectral bandwidth was 2 nm. Two scans were averaged fo
each sample and air was used as a reference. Acquisition of
single scan took 27 s. Samples were scanned at room tem
perature. Total transmission spectra were acquired by a di
fuse reflectance accessory~DRA! of the Cary 5G spectropho-
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tometer. The DRA had an integrating sphere attached to
backside of the cuvette to collect all light scattered throu
the sample.

2.3 Data Analysis
Seventy out of a total of 95 spectra from 95 individuals we
randomly chosen as the calibration set and the remaining
spectra were used as the prediction set for univariate ana
and multivariate analysis.

2.3.1 Univariate analysis
R2, the standard error of calibration~SEC! and the standard
error of prediction~SEP! were computed.R2 is the coefficient
that indicates the goodness of fit for a linear regression mo
and is calculated taking the squares of the correlation co
cient between absorbance and concentration. SEC is
square root of the mean of the squared differences betw
measured and predicted values using the calibration set.
is the square root of the mean of the squared differences
tween measured and predicted values using the prediction

2.4.2 Multivariate analysis (PLSR analysis)
Before applying the PLSR model, spectra were exposed
various preprocessing methods. They were~1! Mean center-
ing: the mean spectrum of all the spectra in the calibration
is calculated and is subtracted from each spectrum.~2! Vari-
ance scaling: each spectral data point is divided by the s
dard deviation of all calibration spectra.~3! Autoscaling: au-
toscaling is mean centering followed by variance scaling.~4!
Multiplicative scatter correction~MSC!: each spectrum is nor
malized according to the average spectrum of calibration
This is calculated by the regression of each spectrum w
respect to the average spectrum and by removing the s
and offset effects.~5! Standard normal variate~SNV!: this
normalizes spectra by computing and removing the m
value of each spectrum, and then scaling to the variance~6!
Normalize: normalization of spectra is accomplished by
viding each absorbance at each wavelength by the sum o
absorbance spectrum.~7! Savitsky–Golay 1st~SG 1st!: a
simple polynomial is fitted to a window containing a cent
data point and(n21)/2 points on either side. A window
width is selected and the point in the center of the window
replaced with the 1st derivative of the polynomial estimate
that point. We used five point SG 1st preprocessing.

Preprocessing and PLSR model analysis were perform
with the multivariate analysis program of SChemo™ dev
oped by the authors. The optimal number of factors was
termined by the one-in-one-out cross validation andF test
with a significance level of 5%. The whole spectrum~500–
800 nm! and a partial spectrum~500–650 nm! were used for
data analysis. According to the univariate analysis, the reg
above 650 nm had a lower correlation with the concentratio
The 500–650 nm region was used to check whether the
gion of 650–800 nm would or would not contain meaningf
information for the multivariate calibration. For eac
algorithm/preprocessing technique, the performance leve
terms of the SEP was compared.
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Data Preprocessing and Partial Least Squares Regression
Fig. 1 (a) Conventional transmission spectra of whole blood in the
calibration set and the scatter plot of absorbance at 542 and 577 nm
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-
mission including scattered radiation was measured by the diffuse
reflectance accessory of Cary 5G spectrophotometer.
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3 Results
Figure 1~a! showed conventional transmission spectra of the
whole blood samples in the calibration set acquired by the
Cary 5G spectrophotometer and the scatter plots between h
moglobin concentration and absorbance at 542 and 577 nm
These wavelengths correspond to absorption peaks of oxyh
moglobin. Total transmission spectra obtained using the DRA
are illustrated in Figure 1~b!. The spectra in Figure 1 showed
a similar absorption shape of oxyhemoglobin peaks. Freshl
drawn blood was used to acquire the spectra.

Significant baseline variation was observed with conven
tional transmission spectra as shown in Figure 1~a!. On the
other hand, the baseline difference among spectra was r
duced noticeably with the total transmission spectra@Figure
1~b!#. It appeared that some baseline variation observed i
Figure 1~a! might be caused by the scattering effect in blood.
The same feature was generally observed in all 95 spectr
data. Total transmission spectra appeared to be related to h
moglobin values at first glance, which was verified in the
univariate analysis.
-
.
-

-

l
-

The results of the univariate analysis are shown in Fig
2. Total transmission spectra produced better results c
pared with those of conventional transmission spectra as
pected and showed lower SECs and SEPs and higherR2’s.
Figure 2~a! showsR2, SEC, and SEP at each wavelength
the region of 500–800 nm computed from conventional tra
mission spectra:R2 ranged from 0.37 to 0.83, SEC; 1.25
2.37 ~g/dL! and SEP; 1.32–2.57~g/dL!. Wavelengths longer
than 650 nm had a value ofR2 lower than 0.4 where SEP ha
an inversely proportional shape with respect to the absorba
spectrum of hemoglobin. Figure 2~b! shows the results of tota
transmission spectra:R2 ranged from 0.21 to 0.97, SEC
0.53–2.66~g/dL! and SEP; 0.68–3.66~g/dL!. For the total
transmission spectra, wavelengths shorter than about 580
showed a consistent value of SEP, about 0.75 g/dL.

It was not sufficient to predict total hemoglobin with ab
sorbance at a single wavelength. The results of PLSR ana
based on many wavelengths are summarized in Tables 1
2. The optimal number of factors, SEC,R2 of the calibration
set, SEP,R2 and the mean percent error~MPE! for predictions
were compared. Multivariate analysis based on 500–800
~Table 1! showed better prediction results than those based
500–650 nm~Table 2! for both conventional and total trans
mission spectra. According to the correlation graphs,
wavelength region longer than 650 nm had lower correlat
coefficients. However, the multivariate analysis includi

Fig. 2 (a) R2, SEC, and SEP in the region of 500–800 nm for total
hemoglobin determination in whole blood from conventional trans-
mission spectra. R2 ranged from 0.37 to 0.83, SEC; 1.25–2.37 (g/dL)
and SEP; 1.32–2.57 (g/dL). (b) R2, SEC, and SEP in the region of 500–
800 nm for total hemoglobin determination in whole blood from total
transmission spectra. R2 ranged from 0.21 to 0.97, SEC; 0.53–2.66
(g/dL) and SEP; 0.68–3.66 (g/dL).
Journal of Biomedical Optics d April 2001 d Vol. 6 No. 2 179
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Table 1 Multivariate analysis with different preprocessing for determination of total hemoglobin concentrations in whole blood (500–800 nm).

Preprocessing
methods

Conventional Transmission Spectra Total Transmission Spectra

Optimal
number of

factors
SECa

R2c
SEPb

R2c MPEd

Optimal
number of

factors
SECa

R2c
SEPb

R2c MPEd

No
pretreatment

3 0.49
0.98

0.52
0.97

3.52 6 0.19
1.00

0.47
0.98

2.80

Mean
centering

3 0.38
0.98

0.37
0.99

2.36 6 0.18
1.00

0.38
0.98

2.51

Variance
scaling

4 0.48
0.98

0.51
0.98

3.56 3 0.35
0.99

0.54
0.97

3.45

Auto scaling 3 0.42
0.98

0.38
0.98

2.52 3 0.30
0.99

0.48
0.98

3.21

MSCe 2 0.94
0.90

1.00
0.91

7.71 2 2.43
0.36

2.67
0.28

21.05

SNVf 2 0.94
0.90

1.01
0.91

7.46 2 2.43
0.36

2.64
0.28

20.61

Normalize 3 0.63
0.96

0.51
0.97

3.64 5 1.13
0.87

1.46
0.77

10.60

SG 1st(5)g 3 0.55
0.97

0.63
0.97

4.45 3 0.28
0.99

0.49
0.98

3.25

a SEC (g/dL): Standard error of calibration.
b SEP (g/dL): Standard error of prediction.
c R2: Coefficient of determination.
d MPE: Mean percent error for predictions.
e MSC: Multiplicative scatter correction.
f SNV: Standard normal variate.
g SG 1st(5): Savitsky–Golay 1st derivative using five points.
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651–800 nm showed more robust calibration and better pre
diction. This region might provide additional information for
multivariate analysis to compensate for the errors induced b
instrument drift, light scattering, sample pathlength, etc.

As shown in Tables 1 and 2, the preprocessing methods o
MSC, SNV, and normalize produced more errors compare
with other methods. MSC, for example, was designed to com
pensate for the scattering effect. On the contrary, MSC gen
erated much a higher prediction error. In Figure 3 where dat
were preprocessed by MSC, all spectra looked indistinguish
able in terms of hemoglobin concentrations. There seemed t
be little correlation between absorbance and concentration
SNV and normalize also showed the same tendency as MSC
When absorption spectra were obtained under a well
controlled environment, information regarding hemoglobin
concentrations became indistinguishable from one another a
ter going through the processes of scattering correction, no
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 1~mean centering, 500–
800 nm!, the PLSR for total transmission spectra required six
factors compared to three factors for conventional transmis
sion spectra. To the contrary, for mean centering in 500–65
nm ~Table 2!, the PLSR for both types of spectra needed two
factors. It appeared that additional factors for 500–800 nm
180 Journal of Biomedical Optics d April 2001 d Vol. 6 No. 2
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were needed to explain low noisy baselines in 650–800
According to the univariate analysis, wavelengths longer th
650 nm generally have lowerR2 in total transmission spectra
than in conventional transmission spectra~Figure 2!. Lower
R2 made the PLSR for total transmission spectra need m
factors than that for conventional transmission spectra.
the multivariate analysis of 500–650 nm summarized in Ta
2, the optimal number factors are smaller with total transm
sion measurement.

Figure 4 presents reference and predicted values of he
globin for the two best calibration models. For both cases,
prediction data set fell close to an ideal line with little devi
tion. The precision of the reference method was about
and, in clinics, the acceptable precision for determination
hemoglobin concentration is up to 7%.12 According to our
results, the MPE values were within an acceptable precis
The data are shown in Table 1~values of about 3%!.

4 Discussion
Light transmitted through whole blood scatters into differe
directions. It was expected that collection of scattered as w
as transmitted radiation using an integrating sphere wo
provide more accurate results. Total transmission spe
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Table 2 Multivariate analysis with different preprocessing for determination for total hemoglobin concentrations in whole blood (500–650 nm).

Preprocessing
methods

Conventional Transmission Spectra Total Transmission Spectra

Optimal
number of

factors
SECa

R2c
SEPb

R2c MPEd

Optimal
number of

factors
SECa

R2c
SEPb

R2c MPEd

No
pretreatment

4 0.54
0.97

0.52
0.97

3.76 1 0.59
0.97

0.71
0.95

4.61

Mean
centering

2 0.49
0.97

0.40
0.98

2.88 2 0.46
0.98

0.57
0.97

3.72

Variance
scaling

5 0.49
0.98

0.52
0.97

3.62 2 0.57
0.97

0.69
0.95

4.39

Auto scaling 2 0.47
0.98

0.39
0.98

2.88 2 0.46
0.97

0.60
096

3.84

MSCe 2 1.12
0.86

1.38
0.80

10.29 2 2.45
0.35

2.72
0.25

21.57

SNVf 2 1.12
0.86

1.38
0.80

9.87 1 3.03
0.07

3.06
0.25

23.42

Normalize 2 0.73
0.94

0.74
0.94

4.97 2 1.66
0.70

2.00
0.60

13.90

SG 1st(5)g 3 0.56
0.97

0.65
0.97

4.60 2 0.48
0.98

0.54
0.97

3.23

a SEC (g/dL): Standard error of calibration.
b SEP (g/dL): Standard error of prediction.
c R2: Coefficient of determination.
d MPE: Mean percent error for predictions.
e MSC: Multiplicative scatter correction.
f SNV: Standard normal variate.
g SG 1st(5): Savitsky–Golay 1st derivative using five points.
o
e
r

and
ions
ately
showed less baseline variations than transmission spectra. F
univariate analysis, total transmission spectra generated bett
prediction than conventional transmission spectra did. Fo
multivariate analysis, on the other hand, comparable accurac
r
r

y

in terms of SEPs could be achieved for both conventional
total transmission spectra. It appears that baseline variat
seen in conventional transmission spectra can be adequ
handled with proper PLSR analysis.
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).
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For multivariate analysis, the best results in terms of SEP
in our particular study were achieved when measured spect
were preprocessed by mean centering. Mean centering wa
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 wit
no pretreatment. MSC and some others produced even wor
results compared with the no pretreatment case. We observe
that various degrees of accuracy in prediction could be ob
tained, depending on what types of preprocessing technique
were applied.
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Absorption spectra may be affected not only by the co
centration of a target component, but also by other sour
They could be pathlength variations caused by wavelen
selective absorption, electronic drift, etc. Often they are
correlated with the target component. This study proves
in vitro total hemoglobin prediction based on visible-near
frared ~vis-NIR! spectroscopy measurement/PLSR predict
can be a viable tool. However, careful selection of data p
processing and multivariate statistical analysis should
made in order to reduce undesirable influences other tha
target concentration for reagentless determination of he
globin concentration of whole blood. When one has to u
only a few wavelengths in the prediction instead of explori
many wavelengths, total transmission measurement is rec
mended as transmission measurement setup.
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