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Near-infrared (NIR) reflectance spectroscopy was investigated as a method for prediction of total
dietary fiber (TDF) in mixed meals. Meals were prepared for spectral analysis by homogenization
only (HO), homogenization and drying (HD), and homogenization, drying, and defatting (HDF). The
NIR spectra (400—2498 nm) were obtained with a dispersive NIR spectrometer. Total dietary fiber
was determined in HDF samples by an enzymatic—gravimetric assay (AOAC 991.43), and values
were calculated for HD and HO samples. Using multivariate analysis software and optimum processing,
partial least squares models (n = 114) were developed to relate NIR spectra to the corresponding
TDF values. The HO, HD, and HDF models predicted TDF in independent validation samples (n =
37) with a standard error of performance of 0.93% (range 0.7—8.4%), 1.90% (range 2.2—18.9%),
and 1.45% (range 2.8—23.3%) and r? values of 0.89, 0.92, and 0.97, respectively. Compared with
traditional analysis of TDF in mixed meals, which takes 4 days, NIR spectroscopy provides a faster
method for screening samples for TDF. The accuracy of prediction was greatest for the HDF model
followed by the HD model.
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INTRODUCTION oilseeds, dairy products, beverages, meats, and forége®) (
Mixed meals are packaged foods that contain two or more and is used internationally for the evaluation of grain quality

food groups, usually a protein (animal or plant) and carbohydrate (9)- The technique is based on the correlation between chemical
or vegetable in single or multiple portion containers. They have Properties of a sample, as determined by the traditional chemical
steadily gained popularity in the United States, partly because Methods of analysis, and the absorption of light at different
most are available to the consumer as ready-to-eat or ready-Wavelengths in the NIR region of the spectrum. The NIR region
to-heat-and-eat meals; they are convenient, save time, and cat’00—2500 nm) is sensitive to molecules containing C—H,
be eaten at home (1). O—H, and N-H groups, which are the primary constituents in
U.S. nutrition labeling regulations require total dietary fiber foods. NIR spectroscopy has been used for the analysis of TDF
(TDF) to be reported on the nutrition labels of frozen, packaged and other Components in low moisture foods such as cereal foods
products including mixed mealg)( Total dietary fiber is defined ~ and dehydrated vegetablé€)(11). For example, TDF has been
(3) as the edible parts of plants or analogous carbohydrates thapredicted using NIR for intact and ground, diverse cereal food
are resistant to digestion and absorption in the human smallproducts. Prediction of TDF in these studies was accurate
intestine with complete or partial fermentation in the large enough for on-line screening and quality contraR{14).
intestine. Dietary fiber includes nonstarch polysaccharides, However, mixed meals pose special problems partly because
resistant starch, oligosaccharides, lignin, and associated planbf their high moisture and, often, high fat content and partly
substances. Traditional TDF analysis for monitoring mixed because of the diversity of materials present. Mixed meals can
meals includes homogenization, drying, and defatting of samplescontain meat, seafood, fish, vegetable, cereal, soy, and dairy
followed by an enzymatic—gravimetric (4) or enzymatic— products in any number of combinations and proportions.
chromatographic assag); This requires 4 days of processing  Although nothing has been published on the NIR evaluation of
time, is labor intensive, and generates chemical waste. TDF in mixed meals, Almendingen et al. developed NIR
Near-infrared (NIR) spectroscopy presents a rapid, inexpen- calibrations for the prediction of crude fat and protein in
sive, accurate, and environmentally benign method for the homogenized freeze-dried human diets (15). Biining-Pfaue et
analysis of a variety of components in grains, feeds, cereal foods,a|, developed calibrations for dry matter crude fat, crude protein,
and carbohydrate in homogenized, cafeteria style “consumable
* To whom correspondence should be addressed. Tel: 706-546-3338. meals” (16), and White and Rouvinen-Watt developed NIR
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Table 1. Range, Mean, and Standard Deviation of TDF (Percent) in Mixed Meal Samples in the Calibration and Validation Data Sets

calibration validation

n range mean SD n range mean SD

homogenized meals 114 0.2-8.5 2.8 18 37 0.7-84 2.9 1.9
animal protein base? 42 0.2-3.7 1.4 0.7 12 0.7-2.9 14 0.7
vegetable protein base¢ 33 1.8-85 45 1.8 8 1.6-84 3.2 2.2
carbohydrate base? 39 0.6-7.8 2.8 14 17 11-73 3.8 17
HD meals 113 1.0-24.1 9.5 5.0 37 2.2-18.9 9.5 48
animal protein base 41 1.0-15.9 5.8 2.7 11 2.7-10.6 5.0 22
vegetable protein base 34 6.5-24.1 13.9 4.7 8 6.2-18.9 12.5 4.7
carbohydrate base 38 2.2-173 8.8 3.9 18 4.6-18.4 11.0 4.2
HDF meals 114 1.1-31.3 10.7 5.6 37 2.8-23.3 113 5.8
animal protein base 41 1.1-17.0 7.1 3.0 12 2.9-12.8 5.9 2.6
vegetable protein base 34 6.8-31.3 15.4 55 8 6.8-23.3 13.2 6.1
carbohydrate base 39 2.6-21.8 10.4 4.6 17 7.7-22.1 14.1 48

aNumber of samples (n). ® Meat or fish based with vegetable. ¢ Bean based. ¢ Flour or rice based with meat or vegetable.

On the basis of the success of NIR spectroscopy for rapid 38 mm, depth= 9 mm). Diffusely reflected radiation from 400 to 2498
measurement of TDF in low moisture food products with no or nm at 10 nm resolution and a data interval of 2 nm was collected and
little sample preparation (1314), the current study was recorded. The data were transformed to log,14nd scans from the
conducted to evaluate the feasibility of NIR spectroscopy for triplicate samples were averaged. Spectral d_a_ta coIIectt_ed on different
the prediction of TDF in mixed meals. Models were developed dates were stan.dardlzed to spectrq of a specific date using the WIN.ISI
for a wide variety of meals using samples at three preparation monochromator instrument standardization software (Foss North America

. . ) . . ~Inc.). The spectral data were converted into JCAMP format and
levels: homogenized only (HO); homogenized and dried (HD); imported into the Unscrambler software 9.0 (CAMO, Trondheim,

and homogenized, dried, and defatted (HDF). Norway).
Analysis of TDF. The TDF was measured in HDF samples by
MATERIALS AND METHODS AOAC method 991.434), as previously described Z), using the

Megazyme TDF assay kit (Megazyme International Ireland Ltd., Bray,

SamplesOne hundred fifty-three mixed meal samples were obtained Ireland) and calculated as follows:

from retail stores and selected to represent the types available in the
marketplace. Most samples were purchased frozen in retail boxes, seve _ . .
were purchased in cans, and nine were purchased in pouches at roorrrlerF%_ (100/DM) x 100 x {[(R, + R,)/2] — residual proteir-

or refrigerator temperature. The selected samples were readily available ash— blank}/[(S, + S,)/2]
entrées that required only heating and contained two or more food

groups. One hundred fifty-one samples were used for the study, 114where DM is the percent dry matter; BRnd R are the residue weights

for the calibration set and 37 for the independent validation set. for duplicate samples, and &nd S are the sample weightd2). The
Categories of samples are showrTiable 1. Samples encompassed a dry matter of HDF samples was determined by the AOAC air oven
broad range in major constituents, i.e., dietary fiber-16%), method 945.1419). The TDF for HDF samples was expressed on a
carbohydrate (3—35%), fat (1—18%), and protein (2—37%), based on dry weight basis. The TDF was calculated for HD samples based on
the product’s nutrition label information, a wide range in moisture fat loss. The TDF for HO samples was calculated based on fat and
content (29—90%), and a diversity of additional ingredients such as moisture loss and expressed on an as-is basis.

salt, spices, and other seasonings. Soups were excluded from the sample Calibration Development. Samples (n=153) were divided into

set due to their extremely high moisture content and fluid consistency. calibration and validation sets after sorting by ascending TDF reference

Sample Preparation. Frozen, packaged, or canned samples were data values for HO samples. The first three samples were assigned to
removed from their containers and immediately homogenized using the calibration set, and the fourth to the validation set and so on. Partial
the Robot Coupe homogenizer (model RSI 10, Robot Coupe USA Inc., least squares (PLS2Q, 21) was the regression method used to develop
Joliet, IL) until a smooth and consistent texture was obtained. After the models for each of the three sample preparation levels. The
homogenization, the samples (referred to as HO) were placed in wavelength range and preprocessing methods used for each sample set
individual polyethylene freezer bags and allowed to equilibrate to room were selected based on the options that gave optimum performance,
temperature, and a subsample was scanned to obtain NIR spectra. A.e., minimum error with full cross-validation2{). The optimum
second subsample was weighed in an aluminum dish and dried in awavelength ranges used to calculate models with the HO, HD, and
forced air oven (105C for 16 h). The loss of weight was recorded. HDF data sets were 700—2498, 1100—2498, and 1100—2498 nm,
The dried samples (referred to as HD) were each divided into two respectively. The spectra of the HO samples were preprocessed using
subsamples. One HD subsample was ground using an analytical mill Savitzky—Golay first derivative 22, 23) (second order polynomial,
(model 4301-00, Cole Parmer Instrument Co., Vernon Hills, IL) and seven point convolution interval); the spectra of the HD samples were
scanned immediately to obtain NIR spectra. The other HD subsample preprocessed with the multiplicative scatter correction (MSZ) (
was fat extracted using petroleum ether and a Soxhlet apparatus withfollowed by the SavitzkyGolay first derivative treatment (second order
4 h of extraction time 18). The loss of weight was recorded. The polynomial, seven point convolution interval); and the spectra of the
defatted samples (referred to as HDF) were ground in an analytical HDF samples were preprocessed using MSC followed by the Savitzky
mill and divided into two subsamples. One HDF subsample was scannedGolay first derivative treatment (second order polynomial, nine point
to obtain NIR spectra, and the other was used for measuring TDF usingconvolution interval). The optimum number of PLS factors for
AOAC method 991.43 (4). calibration was also determined by cross-validation.

Spectroscopic Analysis.The HO, HD, and HDF samples were Calibration Performance. Statistics used to assess the PLS models
scanned to obtain NIR reflectance spectra using a NIRSytems 6500were the multiple coefficients of determinatid®?) and standard errors
monochromator (Foss North America Inc., Eden Prairie, MN), described of cross-validation (SECVY(, 25). In addition, the models were tested
previously (12), with 1S140 software (NIRS3 version 4.01, Foss North with independent validation samples € 38), and performance was
America Inc.). Samples were scanned in triplicate, to include in- reported as the coefficient of determinatiorf), standard error of
trasample variation, in cylindrical cam-lock cells (internal diameter performance (SEP), root-mean-square standard error of performance
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Figure 1. NIR (log 1/R) spectra of a representative mixed meal sample 0.001 1

at three sample preparation levels: HO, HD, and HDF. Respectively, TDF,
moisture, and fat contents in HO samples were 3.5, 62, and 6.7%; in HD
samples, they were 9.2, 1.8, and 19%; and in HDF samples, they were
11, 1.9, and 1.0%.
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(26) is the ratio of the standard deviation of the reference values to the
SEP and provides a standardization of the SEP (values of439l 19348
generally indicate that the model is suitable for screening, and values 2308
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RESULTS

Spectral Characteristics.Principal differences in the bands HDF
of the spectra for the three sample preparation methods are dueg>  ©.001 4
to the quantities of moisture and fat present. Log (1/R) spectra =
of the HO samples have two dominant and broad peaks at 14520
and 1930 nm for water, as shown in the spectrum of a S oom
representative sample Figure 1. The two peaks involve the 5 i
first overtone of the O—H stretching bands (1452 nm) and the O 1880 gz 50562262302346
combination of the OH stretching and the OH bending bands 2
(2930 nm) ¢, 27—29). The G-H stretching and combination
bands are also observed as the largest peaks in the second
derivative spectrum of the HO sample as showifrigure 2.

-0.001
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In addition, smaller peaks are observed at or near 1726, 1760, 800 1000 1200 1400 1600 1800 2000 2200 2400
2306, and 2346 nm due to absorption by & stretch groups
in lipids. For the HD sampleRigure 1), the log(1R) peak in Wavelength (nm)

the 1400-1452 nm range Is less pronouncgd and the ,peakFlgureZ NIR second derivative spectra of the mixed meal sample from
around 1930 nm is not evident, as expected since the majorr[yFIgure 1 at three sample preparation levels: HO, HD, and HDF.

of the water has been removed. The second derivative spectrum
of the HD sample Kigure 2) has a less pronounced peak at
1406 nm relative to other peaks in the HD sample. Lipid-related protein-based meals and carbohydrate-based meals had wider
bands at 1726, 1760, 2306, and 2346 nm were sharper and wereanges in TDF for both the calibration and the validation sets
the most dominant peaks for the sample. However, significant than animal protein-based meals. The range, mean, and standard
peaks were also evident at or near 1976 and 2056 nm due todeviation of TDF were similar within calibration and validation
NH stretch and amide in protein. In the HDF samples, second sets.Table 1 shows the distribution of TDF values in HO, HD,
derivative peaks at or near 1976, 2056, 2268, 2306, and 2346and HDF samples used for the calibration and validation sets.
nm are the most dominant with an additional peak at 1680 nm The distribution was positively skewed in all sets. Ideally,
that may be due to vibration of aromatic-®& from lignin (a sample sets for the calibration and validation should be
component of TDF). Peaks around major lipid-absorbing areas assembled with a uniform distribution of composition across
are still evident but much smoother (the sample contained 1.0%the anticipated range. However, mixed meals in the marketplace
residual fat). are predominantly lower than 5.5% in TDF content. As many
TDF Measured by the Reference Method.The overall high fiber meals, i.e., greater than 5.5% TDF, as possible were
ranges for TDF in HO, HD, and HDF samples, using AOAC included in the data sets. Calibration and validation sets have
method 991.43, were 0-8.5, 1.0—24.1, and 1431.3%, similar distribution patterns for the HO samples, whereas the
respectively (Table 1). Removing moisture and fat extended HD and HDF validation data sets did not contain samples in
the range and changed the distribution of values for TDF in the the highest part of the TDF range as compared to the calibration
resulting data sets. Among different meal types, vegetable samples.
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Table 2. Cross-Validation and Independent Validation Statistics for NIR Prediction of TDF in Mixed Meal Samples at Different Sample Preparation
Levels

cross-validation independent validation
modela? nt NIR range SECV R? n NIR range SEP RMSEP P RPD
HO 114 0.2-6.8 0.99 0.84 37 0.1-85 0.93 0.92 0.89 2.1
HD 113 0.5-22.6 1.83 0.93 37 3.7-20.2 1.90 1.95 0.92 25
HDF 114 2.2-29.1 1.54 0.96 37 3.1-234 1.45 1.44 0.97 4.1

@Model sample preparation level: HO, HD, and HDF. ® Model wavelength range: HO, 700—2498 nm; HD and HDF, 1100-2498 nm. ¢ Number of samples, n.
NIR Model for TDF. Individual NIR models were developed 81
for the prediction of TDF using PLS regressi@d(21). Spectral
outliers were identified and removed from the HO and HD
calibration sample sets (one outlier in the HO set, two outliers 6 -
in the HD set) and HO, HD, and HDF validation sample sets ;\3
(one outlier in each set). Six PLS factors were used for the HO
model, which had an error between predicted and referenceny |, | °
values (SECV) of 0.99% TDF (range 0.8:5%) andR? of 0.84 =
(Table 2 and Figure 3). Ten factors were used for the HD x
model, which had a SECV of 1.83% TDF (range -12%.1%)

with anR? of 0.93. Nine factors were used for the HDF model, 2 1
which had a SECV of 1.54% TDF (range %31.3%) andR?

of 0.96. When independent validation samples were predicted
with the HO, HD, and HDF models, the SEP was 0.93% TDF
(range 0.7—8.4%) with ar? of 0.89 for the HO model, 1.90% o 2
TDF (range 2.2—18.9%) with ar? of 0.92 for the HD model, 25 1
and 1.45% TDF (range 2-83.3%) with anr2 of 0.97 for the

HDF model (Table 2andFigure 4). RPD values were 2.1, 2.5,

and 4.1 for HO, HD, and HDF models, respectively, indicating 20 1
model suitability for screening purposes in the case of the HDF ;\3

HO

R2 =0.84
. SECV = 0.99

model and rough screening in the case of the HD model. I 15 -
Modeling of HO samples using the 700800 nm wavelength O

range (RMSEP= 0.98% TDF,r?2 = 0.86) resulted in model E

performance very similar to that using 702498 nm. In > 10

contrast, HD and HDF models calculated without the 1800—
2498 nm range were substantially lower in accuracy (RMSEPs
were 2.3—2.6% TDF) than when the range was included. 5 -

RZ = 0.93

The distribution of TDF values was positively skewed in all SECV =183
sample data set3 éble 1). However, reduction of the number .
of samples below 3% TDF in the HO data set using a selection 0 i i i " '
algorithm (WinlISlI, Foss North America Inc.) did not appreciably 30 s 10 15 20 25
affect performance of the HO model (data not shown).

Performance of the models was not appreciably different »s

when used to predict the subgroups of meals in the independent
validation samples, i.e., meals that were animal protein-based, HDF

vegetable protein-based, or carbohydrate-based. 32 20 ~
Regression Coefficients for TDF PLS ModelsRegression I
coefficients for the model constructed with the HO samples have O 45 |
high variation at 17061750 nm Figure 5), indicating possible E
involvement of C-H stretch groups in lipids in development = 0.

of this model (7,30). Regression coefficients for the models

developed with the HD and HDF samples have high variation
at 2070 nm and the 220@498 nm regions of the NIR spectrum 51
indicating that absorption related to—®, C—H, and C—-C
groups in carbohydrate are the major factors in model develop- 0 . . . . , .

ment. The intercept at approximately 1690 nm indicates possible 0 5 10 15 20 25 30
involvement of aromatic C—H from lignin (7). Reference TDF (%)

Figure 3. Calibration plots of AOAC-determined TDF vs NIR-predicted

TDF for three models to predict TDF in mixed meals. Models were
Total dietary fiber analysis by traditional methods is very developed with HO, HD, or HDF mixed meal samples.

time-consuming, taking 4 days to complete, partly due to the

extensive sample preparation required (2 days) but also due tothe determination of TDF, the current study investigated the

the TDF assay itself (2 days). To develop a rapid method for use of NIR reflectance spectroscopy. In an attempt to reduce

RZ2=0.96
SECV = 154

DISCUSSION
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Figure 5. Regression coefficients for three PLS models to predict TDF
0 ; T . : . , in mixed meals. Models were developed with HO, HD, or HDF mixed
0 5 10 15 20 25 30 meal samples.
Reference TDF (%)
Figure 4. Validation plots of AOAC-determined TDF vs NIR-predicted meals. Use of this NIR model reduces the TDF total analysis
TDF for three models to predict TDF in mixed meals. Models were time from 4 days to 24 h. Removing fat as well as moisture
developed with HO, HD, and HDF mixed meal samples. from the samples significantly improved the modeling of TDF

by NIR spectroscopy. The RPDs indicate that the HDF model

sample preparation and analysis time, three different sampleis the most precise of the models and is adequate for screening
preparations were used for NIR spectral analysis; samples wereT DF in mixed meals. Performing spectroscopic analysis with
homogenized only (HO) to reduce total analysis time per sample the dried and defatted samples reduced the TDF analysis time
to less than 1 h; homogenized and dried (HD) to reduce total from 4 days for conventional analysis to 2 days.
analysis time to 24 h; and homogenized, dried, and defatted From the regression coefficients, it appears that the HDF
(HDF) to shorten total analysis time to 2 days. model was predominantly influenced by the wavelength region
The present results indicate that NIR spectroscopy is able tofrom 2200 to 2498 nm, with absorbance related toH) C—H,
determine the TDF content in a wide variety of mixed meals. and C-O groups in carbohydrates. Previously reported NIR
In PLS models, the RPD and coefficients of determination of models developed to predict TDF in cereal products were also
the cross-validation and the independent validation improved influenced by groups in the 2262400 nm range and by G+
with increased sample preparation. The model developed with groups in water (1213, 31, 32). However, most of the water
samples that were homogenized and dried was intermediatehad been extracted from the HDF samples and water was not a
among treatments in accuracy for prediction of TDF in mixed major influence in the HDF model. Aromatic€ at 1690 nm,
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associated with aromatic groups in lignin, appears to be an LITERATURE CITED

additional influence in the HD model. The regression coef-
ficients for the HD and HDF models reflect the composition of
TDF in the samples.

The predominant influence observed in the regression coef-
ficients for the HO model appeared to be from lipid with little
influence from carbohydrate. The regression coefficients for the
HO model were observed to have poor correlation above 1800
nm. This could be because the TDF content of many of the HO
samples is low (most are below 5%); thus, information for TDF
in sample spectra might have been obscured by the broad water
peak in the 18562300 nm area. The absence of useful
information from this region could have substantially limited
TDF model development and explain the lower accuracy of the
HO model. The narrow range of TDF in mixed meals, especially
in the HO model, might also be limiting accuracy. Model
performance could possibly be improved for all models by
expanding the TDF range by artificially fortifying some samples
with commercially available fiber.

The HD model could be limited in accuracy by the high fat
(>10%) nature of most of the samples at this level of sample
preparation. The range in fat content of the HD data set was
0.2—41.5% (Kim, unpublished data). High fat samples are a
problem as they are difficult to grind and often have a
“pastelike” consistency (26). This can lead to in-homogeneity
of the sample and problems in obtaining representative NIR

spectra and, thus, reduced model accuracy. The HDF samples,

in contrast, were relatively dry and fat free, did not pose
problems in grinding, and were likely to be more homogeneous
than HO or HD samples. Because the TDF assay was performed
on the HDF samples and TDF values were then calculated for
HD and HO samples using fat and water extraction factors, the
accuracy of the reference data was likely to be greater for HDF
samples and their corresponding spectra.

Prediction of TDF in HDF mixed meals is less accurate than
prediction of TDF in ground cereal productd?2( 13, 32)
possibly because of the more complex nature of the meals.
Mixed meals can contain animal material, fish or seafood, as
well as plant material (grains and vegetables) in infinite
combinations and proportions. This is in contrast to cereal
products, where the predominant ingredient is cereal grains.
Thus, the complex combination of materials in mixed meals
together with the wide range in moisture content may signifi-
cantly reduce the accuracy of NIR calibrations, as compared to
calibrations for pure ingredients and less complex foods.

In summary, NIR spectroscopy can provide a rapid method
for determination of TDF in mixed meals with substantial
savings in time if samples are dried or dried and defatted prior
to obtaining NIR spectra. The accuracy of NIR prediction of
TDF increases with drying and further by drying and defatting
from RPDs of 2.1 and 2.5 for HO and HD samples, respectively,
to an RPD of 4.1 for HDF samples. Development of the NIR
models for TDF in dried or dried and defatted mixed meals
appears to be dependent on absorbance biH,00—H, and
C—C groups in carbohydrates and aromatie K groups in
lignin.

ACKNOWLEDGMENT

We thank Michele Huk and Nina Carter for assistance with the
reference method and Judy Davis for demonstration of the NIR
technique.

(1) American Frozen Food Institute, Facts and Statistics. www.
affi.com/factstat.asp, July, 2005.

(2) Code of Federal Regulation$DA, HHS: Washington, DC,
2005; Vol. 21, Part 101.9.

(3) DeVries, J. W. Dietary fiber: The influence of definition on
analysis and regulatiod. AOAC Int.2004,87, 682—706.

(4) AOAC. Total, soluble, and insoluble dietary fiber in food&AC
Official Methods of Analysjsl5th ed.; Method 991.43; AOAC:
Arlington, VA, 1992.

(5) AOAC. Total dietary fiber (Uppsala methodhOAC Official
Methods of Analysjsl7th ed.; Method 994.13; AOAC Interna-
tional: Gaithersburg, MD, 2000.

(6) Roberts, C. A.; Workman, J.; Reeves, J. B., Near-Infrared
Spectoscopy in Agriculture; Agronomy Monograph 44; ASA,
CSSA, and SSSA: Madison, WI, 2004.

(7) Osborne, B. G.; Fearn, T.; Hindle, P. Hpractical NIR
Spectroscopy with Applications in the Food andvBmge
Industry, 2nd ed.; Longman Scientific and Technical: Harlow,
United Kingdom, 1993.

(8) Windham, W. R. Influence of grind and gravimetric technique
on dry matter determination of forages intended for analysis by
near-infrared reflectance spectroscopyop Sci 1987, 27, 773~
776.

(9) Blanco, M.; Villarroya, I. NIR spectroscopy: A rapid response
analytical tool.Trends Anal. Chen002,21, 240—250.

(10) Kays, S. E. Application in the analysis of cereal products. In
Near-Infrared Spectroscopy in AgricultyrdRoberts, C. A.,
Workman, J., Reeves, J. B., lll, Eds.; Agronomy Monograph
44; ASA, CSSA, and SSSA: Madison, WI, 2004; pp 44B8.

(11) Ito, H.; Ippoushi, K.; Azuma, K.; Higashio, H. Potential of near-
infrared reflectance spectroscopy for estimating total dietary fiber
content of dehydrated vegetablésta Hortic.1999 483 265—

274.

(12) Kays, S. E.; Windham, W. R.; Barton, F. E., Il. Prediction of
total dietary fiber in cereal products using near-infrared reflec-
tance spectroscopy. Agric. Food Cheml996 44, 2266-2271.

(13) Kays, S. E.; Windham, W. R.; Barton, F. E., Il. Prediction of
total dietary fiber by near-infrared reflectance spectroscopy in
high-fat- and high-sugar-containing cereal produdtsAgric.
Food Chem1998,46, 854—861.

(14) Archibald, D. D.; Kays, S. E. Determination of total dietary fiber
of intact cereal food products by near-infrared reflectardce.
Agric. Food Chem2000,48, 4477—4486.

(15) Almendingen, K.; Meltzer, H. M.; Pedersen, J. I.; Nilsen, B.
N.; Ellekjaer, M. Near-infrared spectroscepj potentially
useful method for rapid determination of fat and protein content
in homogenized diets€ur. J. Clin. Nutr.2000,54, 20-23.

(16) Buning-Pfaue, H.; Harmann, R.; Harder, J.; Kehraus, S.; Urban,
C. NIR-spectrometric analysis of food, methodical development
and the achievable performance vald&sseniusJ. Anal. Chem.
1998,360, 832—835.

(17) White, M.; Rouvinen-Watt, K. Near-infrared evaluation of wet
mink diets.Anim. Feed Sci. Technd2004,111, 239—246.

(18) AOAC. Crude fat or ether extract: Animal feed©AC Official
Methods of Analysjsl7th ed.; Method 920.39; AOAC: Arling-
ton, VA, 2002.

(19) AOAC. Moisture in cereal adjuncts: Air oven method (203
104°C). AOAC Official Methods of Analysi4¢5th ed.; Method
945.14; AOAC: Arlington, VA, 1990a.

(20) Martens, M.; Martens, H. Partial least squares regression. In
Statistical Procedures in Food ResearcRiggott, R., Ed.;
Elsevier Applied Science: London, United Kingdom, 1986; pp
292-360.

(21) Martens, H.; Naes, T. Assessment, validation and choice of
calibration method. IMultivariate Calibratiory John Wiley and
Sons: New York, 1989; pp 237—266.

(22) Savitzky, A.; Golay, M. J. E. Smoothing and differentiation of
data by simplified least squares procedudasal. Chem1964,

36, 1627—1639.



298 J. Agric. Food Chem., Vol. 54, No. 2, 2006

(23) Madden, H. H. Comments on Savitzky-Golay convolution
method for least-squares fit smoothing and differentiation of
digital data.Anal. Chem1978,50, 1383—1386.

(24) Martens, H.; Jensen, S. A.; Geladi, P. Multivariate linearity
transformation for near-infrared reflectance spectrometry. In
Proceedings of the Nordic Symposium on Applied Statjstics
Stokkand Forlag: Stavanger, Norway, 1983; pp 205—234.

(25) Hruschka, W. R. Data analysis: Wavelength selection methods.

In Near-Infrared Technology in the Agricultural and Food
Industries; Williams, P., Norris, K., Eds.; American Association
of Cereal Chemists: St. Paul, MN, 1987; pp-53!.

(26) Williams, P. C. Implementation of near-infrared technology. In
Near-Infrared Technology in the Agricultural and Food Indus-
tries, 2nd ed.; Williams, P. C., Norris, K. H., Eds.; American
Association of Cereal Chemists: St. Paul, MN, 2001; pp-145
169.

(27) Luck, W. A.Structure of Water and Aqueous Solutipusrlag
Chemie: Weinheim, Germany, 1974; pp 248—284.

(28) Buining-Pfaue, H. Analysis of water in food by near-infrared
spectroscopyFood Chem2003,82, 107—115.

(29) Murray, I.; Williams, P. C. Chemical principles of near-infrared
technology. InfNear-Infrared Technology in the Agricultural and

Kim et al.

Food Industries; Williams, P. C., Norris, K. H., Eds.; American
Association of Cereal Chemists: St. Paul, MN, 1987; pp-17
34.

Williams, P. C.; Norris, K. H. Qualitative applications of near-
infrared reflectance spectroscopy.Near-Infrared Technology

in the Agricultural and Food Industries, 2nd ed.; Williams, P.
C., Norris, K. H., Eds.; American Association of Cereal
Chemists: St. Paul, MN, 1987; pp 241—246.

Windham, W. R.; Kays, S. E.; Barton, F. E., Il. Effect of cereal
product residual moisture content on total dietary fiber deter-
mined by near-infrared reflectance spectroscdpygric. Food
Chem.1997,45, 140—144.

Kays, S. E.; Barton, F. E., Il; Windham, W. R.; Himmelsbach,
D. S. Prediction of total dietary fiber by near-infrared reflectance
spectroscopy in cereal products containing high sugar and
crystalline sugarJd. Agric. Food Chem1997,45, 3944—3951.

(30)

(CHY)

(32

Received for review August 11, 2005. Revised manuscript received
November 11, 2005. Accepted November 17, 2005.

JF051975B



