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Abstract

Potential sources of variability in the measurement of solid oral drug products by near infrared reflectance
spectroscopy were evaluated with statistical experimental design. Spectra were collected for two different tablet types
according to the data collection and treatment parameters defined by the experimental design. Each tablet had three
different dose-levels. Libraries were constructed using second-derivative spectra. Key figures-of-merit generated
during internal and external library validation were used to calculate which parameters most strongly influence the
library performance for dose-level discrimination. These responses and their corresponding experimental conditions
were evaluated with the screening model in the JMP® program. Segment value used for the second-derivative
calculation was an influential factor and had a complex effect. Orientation on the sampling platform also had an
influential effect for embossed tablets. Collection of spectra over fewer days decreased variability within the library.
More frequent reference spectrum collection improved the performance of libraries to a small degree. A larger sample
population increased the range of spectral variability within a dose-level but apparently not the overall performance
of the library. The number of scans averaged per spectrum was not an influential factor in this study. These results
are summarized and used to recommend an approach to dose-level discrimination. © 1998 Elsevier Science B.V. All
rights reserved.
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1. Introduction tions include water determination [4,5], identifica-
tion [6-9], evaluation of mixing homogeneity [10],
Near infrared reflectance spectroscopy (NIRS) and quantitative quality control [11,12]. In all

is a rapid analysis technique that has grown in its cases, the most important aspect of a successful
use in the pharmaceutical industry [1-3]. Applica- measurement is the construction of an appropri-
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A primary goal in the authors’ laboratory has
been to understand the parameters that affect the
ability to use NIRS to differentiate between dose-
levels of drug products. As applied to final pack-
age identification, this testing is one aspect of
clinical material analysis in the pharmaceutical
industry. Feasibility studies have appeared in the
literature [7,8] but little work has been presented
on the effect of data collection and treatment
parameters on this type of measurement. The
work presented here provides a scientifically based
model upon which the authors can recommend
operating conditions for good sensitivity and effi-
ciency. In daily operation, analysts must discrimi-
nate between low and closely spaced dose-levels,
making this information valuable.

In this study, statistical experimental designs
[13] were used to evaluate how selected sources of
variability impact the quality of a spectral library
built for dose-level discrimination. Parameters in-
cluded instrument settings such as the number of
scans averaged per spectrum, data treatment set-
tings such as the segment used for second-deriva-
tive calculation, and the design of the library such
as the number of dose units scanned. Plackett—
Burman designs were generated that defined a
series of experiments using different settings of
these parameters. Responses from each experi-
ment were chosen that correlated to the ability of
the library to separate between dose-levels. In
general terms, a better library is one where the
spectra for a given dosage level are tightly
grouped and the separation between the mean
spectra of different dosage levels is the largest.
Responses were chosen to highlight these traits.
This approach allowed the evaluation of many
parameters under actual conditions of the desired
measurement in a way that was not possible when
doing experiments that only vary one parameter
at a time.

2. Experimental

2.1. Materials and instrumentation

Typical tablets, A and B, under development at
Eli Lilly and Company were used for this study.

There were three dosage levels of tablet A (25, 50,
and 75 mg drug per 200-mg tablet) and three
dosage levels of tablet B (30, 60, and 150 mg drug
per 250-mg tablet). Both tablets were oblong and
tablet A was embossed on both sides. Tablet B
was smooth on both sides. Three hundred tablets
of each type were used.

Diffuse reflectance spectra of these tablets were
obtained with an NIRSystems 6500 spectrophoto-
meter (Foss-NIRSystems, Silver Springs, MD)
equipped with a Rapid Content Analyzer (RCA).
The RCA has a horizontal glass platform and an
iris aperture that centers the tablet in the path of
the light beam. The incident radiation comes from
below and an array of six lead sulfide detectors is
also aligned below the glass sample platform (for
graphic description, see Ref. [7]). Each spectrum
was the average of 8, 32, or 64 scans over the
range of 1100-2500 nm. All spectra were log
ratioed against a reference sample of white ce-
ramic. Software packages NSAS ver. 3.50 and 1Q?
ver. 1.20, accompanying this instrument, were
used to build and validate libraries. Libraries were
built with second-derivative spectra, which is a
common treatment for baseline shift and particle-
size effects.

2.2. Experimental design

Many experimental factors contribute to vari-
ability when collecting and analyzing NIRS spec-
tra of solid oral drug products. We chose the
following factors to include in this study:

1. Iris. The iris is an aperture used to center
samples on the platform of the RCA. Al-
though it is designed to be left open during
data collecting, it can be set at various posi-
tions between closed and wide open, affecting
the level of scattered light.

2. Segment. This is the number of data points
over which slope is calculated during the con-
version to second-derivative spectra and is a
smoothing function. A low segment value will
fail to smooth out noise. On the other hand,
spectral information related to the analyte of
interest is lost if the segment value is set too
high.
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Table 1
Experimental design with seven factors and four center points for Tablet A

Run Iris Segment Orientation Scans Samples Days Frequency
1 Half-way 8 Fixed 32 30 3 16 min

2 Open 10 Fixed 16 15 1 30 min

3 Open S Fixed 64 45 1 2 min

4 Open 5 Varied 16 15 5 2 min

5 Closed 10 Varied 16 45 1 2 min

6 Half-way 8 Fixed 32 30 3 16 min

7 Closed 5 Fixed 16 45 5 30 min

8 Open 10 Varied 64 45 5 30 min

9 Closed 10 Fixed 64 15 5 2 min

10 Half-way 8 Fixed 32 30 3 16 min

11 Closed 5 Varied 64 15 1 30 min

12 Half-way 8 Fixed 32 30 3 16 min

3. Orientation. This instrument has a limited Examples of major factors not studied include

number of detectors positioned to collect dif-
fuse reflectance. The objective was to deter-
mine if varied orientation on the sample
platform  would  introduce  significant
variability.

. Number of Scans (Scans). If more scans are

averaged per spectrum, more instrument vari-
ability should be averaged out. However, in-
creased scans per spectrum makes data
collection time longer and could be of minimal
value for a low-noise instrument.

. Total Number of Samples (Samples). A certain

number of samples are needed to account for
the physical and chemical variations between
tablets. Including spectra of more tablets than
necessary reduces efficiency.

Number of Days (Days). The number of days
over which an experiment is performed could
be another source of variability, especially if
the performance of the instrument varies from
day to day. The goal was to determine if a
library could be built on a single day and still
include sufficient variability to discriminate
dose-levels in the future.

Reference Frequency (Frequency). Because the
instrument is a single-beam configuration, it
was necessary to collect a separate reference
spectrum occasionally. The more often this is
done, the less influence instrument drift will
have, but data collection will take longer.

lot-to-lot variability in manufacturing, within-lot
homogeneity, and temperature.

Experimental designs were performed to inves-
tigate the main effects of the above possible
sources of variability with the screening fit appli-
cation of JMP® software (SAS, Cary, NC). This
fitting platform is designed to analyze experi-
mental data where there are many effects but
few observations. A seven-factor, eight-run
Plackett—Burman experimental design with four
center-point runs was created for tablet A. This
design is listed in Table 1 and only has enough
resolution to determine if individual factors have
some effect on the response and whether there is
evidence of general curvature due to at least one
of the factors. For tablet B, a six-factor, eight-
run Plackett—Burman design with four center-
point runs was generated and is listed in Table
2.

2.3. Spectrum collection

Spectra were collected for tablets A and B
according to the conditions in Tables 1 and 2,
respectively. In run four of Table 1, for example,
three tablets were scanned on five different days.
The instrument was set to average 16 scans, which
takes about 20 s. Including time to position the
sample and operate the software, it took about 2
min to collect three spectra, so only one reference
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Table 2

Experimental design with six factors and four center points for Tablet B

Run Segment Orientation Scans Samples Days Frequency
1 10 Fixed 32 30 3 16 min
2 5 Varied 8 45 1 30 min
3 10 Fixed 32 30 3 16 min
4 5 Varied 64 15 5 2 min
5 20 Varied 64 45 5 30 min
6 20 Varied 8 15 1 2 min
7 20 Fixed 64 15 1 30 min
8 5 Fixed 8 15 5 30 min
9 10 Fixed 32 30 3 16 min
10 5 Fixed 64 45 1 2 min
11 20 Fixed 8 45 5 2 min
12 10 Varied 32 30 3 16 min

scan was needed prior to data collection. The
tablets were centered but randomly oriented in-
cluding varying which side was presented to the
light source and the rotation angle with respect to
the detectors. The iris was used to center the
tablets and left open during data collection. Fi-
nally, a segment of five was used to calculate the
second-derivative spectra. Note that ten external
validation tablets of each dose-level were scanned
on a different day according to the conditions of
each run.

2.4. Library validation

Libraries were built using the 1Q?* software us-
ing the ‘distance’ calculation for spectral compari-
son. Distance is the largest difference between
spectra in standard deviation units at any individ-
ual wavelength. Each dose-level is considered a
separate ‘product’ and a mean spectrum is calcu-
lated for each product. The software then calcu-
lates a distance value for each individual spectrum
from the mean. The distance of individual
product spectra from their mean is a measure of
the amount of variability in a group. The distance
from a mean spectrum to a spectrum of a differ-
ent product is a measure of separation between
dose-levels.

3. Results and discussion
3.1. Spectral regions

Proper dose-level discrimination depends on the
selection of spectral region that corresponds to
absorption bands of the active drug substance. In
the NIR region, most absorption bands arise from
the overtone and combination bands of the fun-
damental infrared vibrations of C—H, N-H, and
O-H bonds.

Significant changes of NIR spectral features of
these tablets have been observed when dose-level
varies. For example, as the active ingredient of
tablet B increased, the absorption band of the
stretching vibration in the mid-IR at 3145 cm ~!
(3.18 pm) increased accordingly and to a maxi-
mum in the case of pure active ingredient. Be-
cause the second overtones and/or combination
bands appearing around 1130 nm originated from
these stretching vibrations, they reflected the exis-
tence and amount of active ingredient of tablet B.
Accordingly, there are significant differences for
different dose-levels of tablet B in the spectral
region of 1110-1150 nm (see Fig. 1). Similar
studies were done to verify that spectral differ-
ences in the region of 1130-1180 nm between
dose-levels of tablet A are largely due to the active
ingredient (see Fig. 2).
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Fig. 1. Second-derivative NIR spectra of the different dosage strengths of tablet B in the spectral range of 1130-1180 nm from the
fourth experimental run. The derivative was calculated with a segment of 5.

3.2. Response functions

Using the library constructed for each run and
the external validation spectra, four responses
were calculated. As mentioned, these responses
are figures-of-merit that correlate to the quality of
the library for dose-level discrimination. Also, it is
expected that these responses correlate to the
quality of the spectra for building a quantitative
calibration model. Thus, the conclusions indi-
rectly apply to the use of NIRS as an alternate
quantitative technique.

Largest qualifying distance with no conflicting
pairs. A conflicting pair occurs when the error
bars on the mean spectrum of any two dose-levels
overlap at all wavelengths. If at least one wave-
length can be found where, for example, 4o error
bars do not overlap, there are no conflicting pairs
at 40. The error interval was increased until the
largest qualifying distance with no conflicting
pairs (LQD) was found. This response was based
on both the distance separating the products and
the standard deviation within each product. The
1Q? software uses this calculation as part of the
internal library validation. The larger this value,

the easier it is to discriminate between products.
Therefore, it was a useful response to evaluate the
libraries built by different experimental designs.
The LQD values for different runs of tablet A are
listed in Table 3 and vary from 5.60 to 18.4¢. For
tablet B, the LQD values for different runs are
tabulated in Table 4 and vary from 7.8¢ to 13.60.

Qualifying distance from the mean set. Qualify-
ing distance from the mean set (QDFMS) was the
distance of each individual spectrum from the
mean spectrum of that dose-level. It could reflect
both actual differences between samples and
sources of variation in instrumentation and data
treatment. It was correlated to how tightly the
spectra of a given dosage level were grouped. The
average of the five largest QDFMS (o) values
regardless of dose-level was reported in Tables 3
and 4. This response varied from 2.36¢ to 3.81¢
for tablet A and from 2.07¢ to 3.71¢ for tablet B.

Distance to the closest wrong set. Distance to
the closest wrong set (DCW) was the distance of
the spectrum of an external validation tablet to
the closest wrong dose-level mean spectrum. The
larger this value, the less the chance of this tablet
being identified as the wrong dose-level. Its value
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Fig. 2. Second-derivative NIR spectra of the different dosage strengths of tablet A in the spectral range of 1110-1150 nm from the
second experimental run. The derivative was calculated with a segment of 5.

reflected the uniformity of the tablets in the same
product and also the spectral separation between
different products (similar to LQD). The DCW
result is strongly affected by the selection of spec-
tral region used for the calculation of the DCW.
A spectral region corresponding to the main drug
substance band was used in order to model
sources of variability that impact dose-level dis-
crimination. For tablet A this spectral region was

Table 3
Responses from library validation for Tablet A

1130-1140 nm while spectral regions of 1110-
1144, 1116-1145, and 1134-1148 nm were used
for calculations with segment values of 5, 10, and
20 for tablet B, respectively. The DCW values in
Tables 3 and 4 are for the 75-mg dose of tablet A
and the 150-mg dose of tablet B. Each was calcu-
lated from the average of the three smallest DCW
(o) values from the ten external validation tablets.
DCW varied from 12.36¢ to 34.36¢ and 26.43¢ to
74.100 for tablets A and B, respectively.

Table 4
Responses from library validation for Tablet B

Run LQD (¢) QDEMS (¢) DCW (¢) DLS (mg)

Run LQD (¢) QDEMS (¢) DCW (¢) DLS (mg)

1 154 3.09 28.61 2.60
2 18.4 2.36 28.99 1.98
3 11.9 3.16 20.19 3.64
4 5.7 2.36 16.26 3.37
5 6.4 3.10 18.92 3.80
6 15.4 2.75 25.90 2.52
7 7.1 3.81 12.36 7.28
8 5.8 3.20 18.95 3.95
9 8.4 2.65 34.36 1.83
10 13.1 3.28 29.66 2.66
11 5.6 2.50 13.70 4.24
12 14.6 2.77 31.28 2.13

1 13.6 3.12 63.52 4.18
2 9.5 3.62 38.44 8.08
3 11.5 3.18 52.70 5.12
4 7.8 2.72 36.40 6.38
5 9.9 3.71 40.07 7.67
6 12.3 2.56 74.10 2.86
7 9.9 2.65 61.70 3.64
8 8.3 2.65 26.43 8.66
9 10.3 2.07 43.29 4.08
10 10.8 3.43 58.52 5.14
11 10.0 3.63 46.92 6.39
12 11.7 2.96 52.48 4.79
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Table 5
Evaluation of experimental design for Tablet A

Table 6
Evaluation of experimental design for Tablet B

Response  Major factors P-value Preference Response  Major factors P-value Preference
LQD Orientation 0.01 Fixed LQD Curvature 0.03 Middle
Days 0.02 Less days Days 0.07 Less days
Iris 0.02 Open Segment 0.10 High
Segment 0.07 High DCW Days 0.01 Less days
DCW Segment 0.01 High Segment 0.03 High
Orientation 0.02 Fixed Frequency 0.09 Less minutes
Samples 0.04 Less samples QDFMS Samples 0.04 Less samples
QDFMS Samples 0.02 Less samples

Dose-level separation. QDFMS was approxi-
mately converted from standard deviation units to
milligram units. This converted response was
termed dose-level separation (DLS) and DLS val-
ues are also listed in Tables 3 and 4. In the case of
tablet B, for example, DLS values were calculated
by first dividing the difference in dose between the
150- and 60-mg tablets by the DCW value for
each run. This was essentially a slope value of
mg/c. This slope was then multiplied by the corre-
sponding QDFMS value for that run to give
milligram units. The values of DLS more clearly
illustrate how different the most deviating spec-
trum is from the mean spectrum of a product
under the different experiment conditions. The
value of DLS is correlated to the closest spacing
of dose-levels that might be discriminated with
each library. Note that the DLS response was not
used as a response in the screening fit calculation
because it was simply derived from other response
functions. It is presented here because of its intu-
itive value.

3.3. Evaluation of sources of variation

The results of the two experimental designs
were calculated with the screening fit calculation
and key results are listed in Tables 5 and 6 for
tablet A and tablet B, respectively. For each
response the major influential factors (or parame-
ters) were evaluated and selected based on the
performance of fit and the P-value. The P-value
represented the probability of getting an even
greater ¢-statistic assuming the parameter is zero.

P-values less than or close to 0.05 indicated that a
change from the low to high setting of this factor
had a significant effect on the response.

A complete set of parameter estimates of this
calculation has been illustrated in Table 7 where
each parameter was evaluated with LQD as the
response. The estimate corresponded to the coeffi-
cient of the linear model found by least squares
while the standard error (std error) was the stan-
dard deviation of the distribution of parameter
estimate. The corresponding prediction profile of
this calculation is presented in Fig. 3. It clearly
indicated how each parameter influenced the
LQD and thus the performance of the libraries.
Error bars corresponded to the standard errors.

Following is a summary of results for each
parameter. Specific results for tablets A and B are
covered as well as the general implication for
dose-level discrimination.

Table 7
Parameter estimation for experimental design of Tablet A with
LQD as the response function

Parameter Estimate  Std. Error P-value  Impor-
tance
Iris 1.79 0.38 0.019 Yes
Segment 1.09 0.38 0.066 Yes
Scans —0.74 0.38 0.150 No
Samples —0.86 0.38 0.110 No
Days —1.91 0.38 0.016 Yes
Frequency 0.56 0.38 0.239 No
Curvature —1.84 0.87 0.123 No
Orienta- 2.79 0.38 0.005 Yes

tion
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Fig. 3. Prediction profile for LQD at different parameter values for the experimental design of tablet A.

Iris aperture. The iris aperture was unique to
this instrument and was not used for adjusting the
light beam to the sample. Rather its intended
function was to center the tablets on the sample
platform. However, leaving this aperture closed
(touching the edge of the tablet) should affect the
level of scattered light. The iris aperture did influ-
ence the performance of the libraries. When it was
open, better performance of the libraries was ob-
served. When closed, the performance suffered,
presumably due to increased scattered light.

Segment value. For both tablets A and B (see
Tables 5 and 6), using larger segment values
within the range studied resulted in better perfor-
mance of the libraries. However, in the experi-
ment for tablet A (Table 1), a segment of 20
resulted in complete loss spectral differences be-
tween doses. For tablet B, an increased range of
segment values was possible. For tablet A, the
LQD increased about 2.2¢ (see Fig. 3) when the
segment was changed from 5 to 10.

Further independent study of the influence of
segment revealed that segment exerted a signifi-
cant curvature influence. Additional libraries were
built for each run with different segment values
(5, 10, 12, 16, 20, 25, and 30) for tablet B. In Fig.
4, the average LQD values for runs with the same
number of days were plotted against the segment
values used. In all cases, there was a general
increase when segment changed from 5 to 20.
However, there was a maximum LQD at segment
20-25 when the library spectra were collected in 1

day or 3 days. The maximum LQD shifted to
segment 10 when the library spectra were col-
lected over 5 days. There seemed to be an interac-
tion between segment and number of days. In
practical applications, most libraries were built
over several days and an optimum segment was
easily obtained because it could be optimized with
no effect on laboratory efficiency.

Orientation. Orientation was a major influential
factor in the case of tablet A but not for tablet B.
This difference was likely caused by the different
appearance of these tablets. Tablet A was em-
bossed on both sides while tablet B was smooth.
Therefore, reflectance spectra of embossed tablets
appeared to be more sensitive to orientation for
this instrument design. The resulting libraries per-
formed better with the orientation fixed than with
the orientation varied for tablet A.

Scans. Results indicated that the number of
scans averaged for each spectrum was not an
influential factor for the selected responses. This
result indicated that libraries can be built with
spectra from a small number of scans, saving time
without sacrificing performance.

Total samples. The QDFMS was most sensitive
to the number of samples used because a larger
number of tablets will bring in more variation
within a dose-level due to imperfect uniformity
and simple statistical sampling. There was also
some influence on DCW. The total number of
samples did not significantly influence LQD. In
actual practice, the authors use a number of
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tablets for each new drug product that incorpo-
rates 95% of the population variation by using the
NSAS sample selection procedure.

Days of spectra collection. The screening fit
results indicated that building libraries over fewer
days provided better response values. This makes
sense in that spectra collected over a longer period
of time would incorporate more variation due to
factors such as instrument drift. Because the num-
ber of days is a factor that cannot be controlled,
libraries must be built over multiple days for
maximum robustness. However, if dose levels are
spaced widely enough, libraries could be built in
one day.

Reference frequency. The results of screening fit
calculation for the influence of reference fre-
quency were somewhat biased because of the in-
teraction between number of samples, number of
scans, and reference frequency. During an experi-
ment the spectra were collected consecutively and
a reference was taken whenever the experimental
design required. As a result, when the number of
samples was small and/or the number of scans
was small, the data collection would be completed
before the reference time interval. However,

shorter reference intervals still corresponded to
more frequent reference scans. Frequent collection
of the reference during the spectrum collection
yielded better results (based on the DCW re-
sponse) for the libraries of both tablets, though
this influence was slight. For typical dose-level
separation, the interval between references could
be as large as 30 min.

Curvature. A curvature factor was introduced
to assess whether there was evidence of a substan-
tially higher or lower response for runs at the
middle levels of the factors as compared to those
at the extremes. No strong evidence of curvature
was observed for the responses measured for
tablet A. In the case of tablet B, curvature was a
significant factor for LQD, indicating that signifi-
cantly different (better, in this case) average re-
sponses were observed at the middle level trials
when compared to the extreme level trials. As
discussed before, independent study of the effect
of segment indicated that this curvature was most
likely the cause (see Fig. 3).

As a simple verification of the statistical mod-
els, it was possible to empirically compare the
results (Tables 5 and 6) to the responses (Tables 3
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and 4). For example, without taking into account
practical considerations presented above (e.g.
building a library over multiple days was pre-
ferred), one would select open iris, fixed orienta-
tion, one day, and a segment of 10 with the rest
parameters not restricted for tablet A. In Table 3,
Run 2 corresponds to these conditions and pro-
vided the best responses. For tablet B, one would
choose the conditions of Run 6 (one day and
segment of 20 with other parameters not re-
stricted). Similarly, Run 6 resulted in good re-
sponses (see Table 4).

4. Conclusion

This work has shown the influence and signifi-
cance of various factors on the ability of NIRS to
discriminate between dose-levels of tablets. Seg-
ment value was a significant factor with good
results achieved by using a segment value of 10
when the libraries were built from spectra col-
lected over several days. Orientation was a signifi-
cant factor only for embossed tablets. Total
number of samples was a major factor when
focusing the response on uniformity between
doses (QDFMS) but was not a significant factor
for overall library performance. In addition, the
number of scans per spectrum and reference fre-
quency were not influential factors. This work
supported that the iris aperture of this instrument
should be left open during data collection. Fi-
nally, because the number of days was a signifi-
cant source of wvariability but cannot be
controlled, it was recommended that libraries be
built over multiple days.

As mentioned above, sources of variability
must either be controlled or built into the library.
Typically investigators do one or the other for
every conceivable source of variability. Based on
this study, robust libraries can be built by con-
trolling or incorporating only the appropriate
sources of variability resulting in maximum effi-
ciency. For example, Run 2 on Table 1 took
about 25 min for library data collection while
Run 3 (representing an attempt to build in maxi-

mum variability of scans, sample sizes and refer-
ence frequency) took about 9 h. However, both
runs provide adequate libraries for dose-level dis-
crimination of tablet A.

Understandably, these results apply best to this
specific instrument configuration. However, sev-
eral concepts presented here apply to any NIRS
measurement, and this experimental design has
great value to others doing similar work. Many
pharmaceutical companies do use Foss NIRSys-
tems brand equipment, and the results will apply
directly.
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