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The aim of the present study was first to develop a robust near infrared (NIR) calibration model able to
determine the acetaminophen content of a low-dose syrup formulation (2%, w/v). Therefore, variability
sources such as production campaigns, batches, API concentration, syrup basis, operators and sample
temperatures were introduced in the calibration set. A prediction model was then built using partial
least square (PLS) regression. First derivative followed by standard normal variate (SNV) were chosen as
signal pre-processing. Based on the random subsets cross-validation, 4 PLS factors were selected for the
ear infrared spectroscopy
rocess analytical technology
iquid form
ow dose
alidation
cetaminophen

prediction model. The method was then validated for an API concentration ranging from 16 to 24 mg/mL
(1.6–2.4%, w/v) using an external validation set. The 0.26 mg/mL RMSEP suggested the global accuracy
of the model. The accuracy profile obtained from the validation results, based on tolerance intervals,
confirmed the adequate accuracy of the results generated by the method all over the investigated API
concentration range. Finally, the NIR model was used to monitor in real time the API concentration while
mixing syrups containing various amounts of API, a good agreement was found between the NIR method
and the theoretical concentrations.
. Introduction

FDA’s process analytical technology (PAT) focuses on the real-
ime monitoring of pharmaceutical manufacturing processes [1].

hile time consuming laboratory testings still nowadays slow
own the batch release step, the data collected during the manufac-
uring could reduce the batch release time and eventually enable
eal-time batch release. A real-time monitoring system such as PAT
equires a high data acquisition speed and has to be compatible
ith probes for on-line and in-line analysis.

Near infrared (NIR) spectroscopy is a well-established vibra-
ional spectroscopic technique [2–4]. In the covered wavelength
egion (between 14,000 and 4000 cm−1), relatively wide bands
elated to overtones and combination of fundamental vibration of
hemical groups with hydrogen, such as C–H, N–H, O–H and S–H are

bserved. Such vibrations lead to overlapping bands which contain
oth physical and chemical information. Consequently, chemomet-
ic tools such as spectral pre-treatments and regression methods
re needed to extract the significant information.
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NIR spectroscopy has many advantages: fast spectral acquisi-
tion, minimization of sample preparation and/or destruction and
the use of probes allowing at-line, on-line and in-line measure-
ments. Based on those advantages, NIR spectroscopy matches the
PAT requirements. It has been part of PAT applications to monitor
critical process attributes such as blend homogeneity, the coating
level, the moisture content and the active content [3–13].

The acetaminophen determination in solid dosage forms by near
infrared spectroscopy has already been investigated in previous
studies [14–16].

As one of the main drawbacks of NIR spectroscopy is its rela-
tively low sensibility, few NIR quantitative applications have been
performed on low dosage forms [17,18]. Therefore the challenge
still remains to quantify low dosage pharmaceutical forms.

In full accordance with the PAT concept, the acetaminophen
content of low-dose syrups could be determined by NIR spec-
troscopy. The NIR measurements could be performed off-line,
at-line, on-line or in-line to check the conformity of the pharma-
ceutical syrups during the manufacturing and/or before the final
packaging stage. Such a NIR method could then be the first step

towards a real-time release quality-based system.

Validation is a crucial and mandatory step in the lifecycle of an
analytical method [19]. Based on ˇ-expectation tolerance intervals,
the accuracy profile makes possible a visual and reliable repre-
sentation of the actual and future performances of the analytical
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ethod. It enables a better risk management [20]. Besides, it fully
omplies with the ICH Q2(R1) regulatory documents as it integrates
ll the useful required validation criteria such as accuracy, trueness,
recision, limits of quantification, range and linearity [21–23].

The aim of the present study was first to develop a reliable near
nfrared method able to determine the active content of a low-dose
cetaminophen syrup. The second aim was to fully validate the
ethod for an active content ranging from 16 to 24 mg/mL. Finally,

he ability of the validated NIR method to monitor in real-time
hanges in API concentration was tested.

. Materials and methods

.1. Syrups preparation

Laboratory scale syrups containing an acetaminophen con-
entration between 16 and 24 mg/mL (1.6–2.4%, w/v) were
anufactured. An accurately weight amount of acetaminophen

between 400 and 600 mg) was dissolved into 20 mL of syrup
asis in a 25 mL volumetric flask using a sonic bath Branson 2510
Branson Ultrasonics Corporation, Danbury, USA). After complete
cetaminophen dissolution, syrup basis was added to 25 mL. The
yrup basis is prepared using 60 mL of glycerol (Fagron, Certa),
0 mL of ethanol (Merck), 5 mL of water and syrup conservans
Fagron, Certa) was added to 100 mL.

.2. Calibration samples

3 syrups production campaigns were included in the calibration
f the NIR method. 16, 20 and 24 mg/mL (1.6, 2.0 and 2.4%, w/v) API
yrups were manufactured for each production campaign, 3 syrups
er concentration level.

.3. External validation samples

3 new syrups production campaigns were used for the validation
et. The validation set was built in the same way as the calibration
et except that 18 and 22 mg/mL (1.8 and 2.2%, w/v) API syrups
ere also manufactured.

.4. FT-NIR equipment and software

The syrups samples were analyzed with a multipurpose ana-
yzer Fourier transform near infrared spectrometer (MPA, Bruker
ptics, Ettlingen, Germany) equipped with a semiconductor room

emperature sulfide lead (RT-PbS) detector. A transmittance probe
or liquids with a fixed optical pathlength of 2 mm was used to
ollect the NIR spectra. The probe was directly in contact with the

yrups. A background spectrum with the empty probe was acquired
efore each series of measurements. Between each measurement,
he probe was cleaned with water and dryed with a nitrogen flow.
he spectra were collected with the Opus Software 6.5 (Bruker
ptics). Each spectrum was the average of 32 scans and the resolu-

Table 1
Variability sources included in the calibration and validation s

Calibration set

Variability sources A
Production campaigns
Batches per production campaign 9
API levels 3 (16, 20 and 24 m
Basis of excipients 2 brands of glycero

conservans, 1 batc
Operators 2
Sample temperature during the

NIR acquisition
Biomedical Analysis 53 (2010) 510–516 511

tion was 8 cm−1 over the range from 12,500 to 3600 cm−1. The time
necessary for a NIR measurement was 15 s. The NIR spectrum of
acetaminophen was collected using the integrating sphere module
of the spectrometer allowing a reflectance measurement.

2.5. Reference method

The reference method used for the API determination was the
HPLC assay recommended by the USP 32 for acetaminophen cap-
sules [24]. The HPLC method was performed in a LaChrom HPLC
system (Hitachi High-Tech, Tokyo, Japan). One determination was
made for each sample and was used as the reference value.

2.6. Near infrared method: calibration and validation protocols

Variability sources such as production campaigns, batches, API
levels, syrup basis, operators and temperatures were introduced
in the calibration and validation protocols. The NIR spectra of the
samples were first recorded before performing the reference mea-
surements.

2.7. Multivariate data analysis

Partial least square (PLS) regression, first derivative (order: 2,
window: 15 points, corresponding to 57.75 cm−1) and standard
normal variate (SNV) were carried out with PLS Toolbox 5.0 for
Matlab version 7.6. PLS regression using cross-validation random
subsets was performed on the calibration set to build the predic-
tion model [25]. The random subsets cross-validation is performed
as follows: if s is the number of data splits, n the total number of
samples and r the number of iterations, s different test sets are
determined through random selection of n/s objects in the data
set, such that no single object is in more than one test set. This
procedure is repeated r times [26].

The model ability to predict the API content was further tested
with the external validation set.

The calculation of the accuracy profile based on the external val-
idation set results was performed with e.noval version 3.0 (Arlenda,
Liège, Belgium).

3. Results and discussion

3.1. Calibration

To build a robust NIR model, the calibration set has to contain
the future expected variability that the model will meet in the
routine environment. Therefore, 6 sources of variability were inte-
grated in the calibration set, these are cited in Table 1. First of all, 3

different syrup production campaigns were manufactured. Indeed,
during the lifecycle of an analytical method, many production cam-
paigns will be analyzed. It is then necessary to include different
production campaigns in the calibration set. In full accordance with
the previous consideration, 9 independent batches were manufac-

ets.

Validation set

mount of variability
3

15
g/mL) 5 (16, 18, 20, 22 and 24 mg/mL)
l and syrup

h per brand
2 brands of glycerol and syrup
conservans, 1 new batch per brand
1

2 (25 and 30 ◦C)
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resents the total error concept which is the sum of the trueness
(systematic error) and precision (random error). In this aspect, the
accuracy profile takes into account the total error [21,22].

Table 2
Spectral range, spectral pre-treatment, number of PLS factors, R2 of validation,
RMSEC, RMSECV and RMSEP of the NIR model.

NIR model Selected parameter

Spectral range selected (cm−1) 5955–7212
Spectral pre-treatment First derivative + SNV
Fig. 1. Syrup transmittance and acetaminophen reflectance spectra.

ured per production campaign, 3 batches per API level. In order to
over a large part of the acetaminophen concentration range, each
yrup was manufactured around the targeted concentration lev-
ls (between 16 and 24 mg/mL ±5%) by weighing various amounts
f API. Besides, from one production campaign to another, vari-
bility was also introduced in the syrup basis: 2 brands of glycerol
nd syrup conservans were used, 1 batch per brand. They were
ombined randomly to manufacture 3 syrup bases per produc-
ion campaign. Also, as an analytical method is not dedicated to
nly 1 operator, the calibration set was designed with 2 operators.
perator (a) manufactured the first syrup production campaign
nd performed the corresponding HPLC and NIR analyses. Oper-
tor (b) worked on the remaining production campaigns of the
alibration set. Finally, as liquid samples are analyzed in the present
tudy, temperature changes can induce spectral variations leading
o increased Mahalanobis distances. With increasing temperatures,
he water absorption bands are moving to higher wavenumbers and
here is an increase in signal height [2]. Therefore samples were
canned while thermostated at 25 and 30 ◦C. The samples were
hen analyzed once by the HPLC reference method. Per production
ampaign, 18 NIR spectra were recorded and 9 reference measure-
ents were carried out. As 3 different production campaigns were
anufactured, the entire calibration set contains a total of 54 NIR

pectra and 27 reference measurements.

.2. External Validation

New batches were manufactured for the external validation set.
s can be seen from Table 1, the introduced variability sources were

he same as for the calibration set except that only operator (b)
esigned the external validation set. In order to demonstrate that 3
PI concentration levels were sufficient to build a robust calibration
et and to fully validate the model, 5 API concentration levels were
ntegrated in the external validation set.

Per production campaign, 30 NIR spectra were recorded and
5 reference measurements were carried out. As 3 different pro-
uction campaigns were manufactured, the entire validation set
ontains a total of 90 NIR spectra and 45 reference measurements.
.3. Validation results of the NIR method

Fig. 1 displays the 20 mg/mL acetaminophen syrup formulation
ransmittance spectrum and the acetaminophen reflectance spec-
rum. From this figure, absorption bands coming from the syrup
ghlighted area defines the selected spectral range for the NIR model.

basis can be observed in the 3900–5300 and 6000–7200 cm−1 spec-
tral areas. Besides, the reflectance spectrum of acetaminophen
shows absorption bands from 4000 to 9000 cm−1. Table 2 dis-
plays the conventional parameters of the NIR model. It can be seen
that the 5955–7212 cm−1 spectral region was selected to build the
quantitative model as it contains information about the API. PLS
regression was performed with the calibration set. Cross-validation
based on random subsets was carried out to select the model num-
ber of PLS factors. For the random subsets cross-validation, 9 splits
and 10 iterations were selected.

About the number of PLS factors, Fig. 2 shows the evolution of
the RMSECV according to the number of PLS factors. Based on this
figure, 4 PLS factors were selected as the RMSECV value is minimal
from 4 PLS factors.

Fig. 3 shows a good agreement between the NIR predictions
and the HPLC reference method results for both the calibration and
validation sets.

The RMSEC, RMSECV and RMSEP values are low. However, those
criteria do not allow the assessment of the model ability to quantify
accurately over the entire API range.

Therefore, the model predictive performance was evaluated
with accuracy profiles computed on the external validation results.
This innovative approach uses tolerance intervals as statistical
methodology that allows predicting a region of concentration
where each future result has a defined probability to fall. This prob-
ability is defined by the analyst.

Facing the confusion found between accuracy and trueness in
the ICH document, it seems important to remind that accuracy rep-
Number of PLS factors 4
R2 val 0.993
RMSEC (mg/mL) 0.34
RMSECV (mg/mL) 0.39
RMSEP (mg/mL) 0.26
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Fig. 2. RMSECV according to the PLS factor number.

F the red triangles represent the results of the calibration and the external validation sets
r reader is referred to the web version of this article.)
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ig. 3. API NIR predictions versus the reference method results. The black dots and
espectively. (For interpretation of the references to color in this figure legend, the

As the focus of the present study is the determination of an API
n a pharmaceutical formulation, the acceptance limits were set at
5% for the validation of the NIR method while the probability to
btain results within the tolerance interval was set at 95%.

The lower and upper limits of quantification (LLOQ and ULOQ)
efine the range where an analytical method is able to quantify
ccurately. They are respectively the smallest and highest con-
entration levels where the ˇ-expectation tolerance intervals are
ncluded within the acceptance limits. If the ˇ-expectation toler-
nce interval never crosses the acceptance limits, then the LLOQ
nd ULOQ are located at the beginning and at the end of the active
ontent range investigated.

Fig. 4 displays the accuracy profile computed with the external
alidation set results. It can be seen from this figure that the vali-
ation results concentrations are different from the ones displayed

n Fig. 3. For the accuracy profile calculation, it was necessary to
erform an alignment on the mean concentration obtained by the

eference method per API concentration level to compute repeata-
ility and intermediate precision variance estimates [22]. It can be
bserved that the ˇ-expectations tolerance limits are fully included
ithin the ±5% acceptance limits. Therefore, each future result has

t least 95% probability to fall within the ±5% acceptance limits.

Fig. 4. Accuracy profile based on the validation results of the NIR model. The plain
line is the relative bias, the dashed lines are the ˇ-expectations tolerance limits
(ˇ = 95%) and the dotted lines represent the acceptance limits (±5%).
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Table 3
ICH Q2(R1) validation criteria of the NIR method.

Concentration level (mg/mL) Mean introduced concentration (mg/mL) Relative bias (%)

Trueness 16 15.9 −0.1
18 18.2 0.1
20 19.7 0.1
22 22.0 0.1
24 24.1 0.9

Concentration level (mg/mL) Mean introduced concentration (mg/mL) Repeatability (RSD %) Intermediate precision (RSD %)

Precision 16 15.9 1.1 1.4
18 18.2 1.3 1.3
20 19.7 1.0 1.2
22 22.0 0.9 0.9
24 24.1 1.4 1.4

Concentration level (mg/mL) Mean introduced concentration (mg/mL) Relative ˇ-expectation tolerance limits (%)

Accuracy 16 15.9 [−3.5, 3.2]
18 18.2 [−2.9, 3.1]
20 19.7 [−2.8, 3.1]
22 22.0 [−1.8, 2.1]
24 24.1 [−2.3, 4.0]
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Lower LOQ (mg/mL)

Limits of quantification (LOQ) 15.9

esides, it can be seen that the developed NIR model quantifies with
he same level of accuracy API levels not included in the calibration
et: 18 and 22 mg/mL API syrups.

Table 3 shows the ICH Q2(R1) validation criteria of the devel-
ped method. As seen in the accuracy profile, the bias is close to
ero from 16 to 22 mg/mL. It is equal to 0.9% for the 24 mg/mL
oncentration level.

The precision of the method was estimated by measuring
epeatability and intermediate precision at the 5 concentration lev-
ls investigated. As can be seen from Fig. 4, the dispersion of the
esults is the lowest for the 22 mg/mL concentration level, leading
o the best repeatability and intermediate precision values. How-

ver, the other concentration levels repeatability and intermediate
recision values are still very satisfactory and never exceed 1.4% as
hown in Table 3.

The linear profile of the prediction model is shown in Fig. 5.
linear model was fitted on the calculated concentrations of the

ig. 5. Linear profile of the NIR model. The dashed limits on this graph correspond
o the accuracy profile, i.e. the ˇ-expectation tolerance limits expressed in absolute
alues. The dotted curves represent the acceptance limits at ±5% expressed in the
oncentration unit. The continuous line is the identity line y = x.
Upper LOQ (mg/mL)

24.1

validation standards for all series as a function of the introduced
concentration. The intercept, the slope and the R2 values are also
presented in Fig. 5. The slope and intercept are close to 1 and
0 respectively confirming the absence of proportional and con-
stant systematic error of the model. The linearity of the results
obtained by the NIR method for the 16–24 mg/mL concentration
levels is demonstrated since the ˇ-expectation tolerance limits
were included in the absolute acceptance limits.

3.4. Uncertainty assessment of the NIR method

The uncertainty characterizes the dispersion of the values that
could reasonably be attributed to the measurand [27,28]. Several
uncertainty results were generated and are present in Table 4: the
uncertainty of bias of the method at each concentration level of the
validation standard, the uncertainty which combines the uncer-
tainty of the bias with the uncertainty of the method obtained
during the validation step, i.e. the intermediate precision stan-
dard deviation, and the expanded uncertainty which equals to the
uncertainty multiplied by a coverage factor k = 2 representing an
interval around the results where the unknown true value can be
observed with a confidence level of 95% [29,30]. In addition, the rel-
ative expanded uncertainties with the corresponding introduced
concentrations are not higher than 3%, which means that with a
confidence level of 95%, the unknown true value is located at a
maximum of ±3% around the measured results.

3.5. NIR monitoring of API concentration changes in syrups

The ability of the validated NIR method to monitor changes
in API concentration was tested with 2 mixing experiments. The
syrups used all belonged to the external validation set. First, 5 mL
fractions of a 24 mg/mL syrup were added to a 15 mg/mL syrup
to manufacture a 20 mg/mL syrup. The mixture was all the time
under magnetic agitation. A NIR spectrum was acquired after each

fraction addition. Secondly, the same type of experiment was per-
formed except that 2 mL fractions of the syrup basis were added to
a 24 mg/mL syrup to manufacture a 15 mg/mL syrup. Theoretical
syrup concentrations were calculated to compare them with the
NIR predictions.
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Table 4
NIR method: estimates of measurements uncertainties related to the acetaminophen concentration in the syrups at each concentration level investigated.

Concentration level
(mg/mL)

Mean introduced
concentration (mg/mL)

Uncertainty of the bias
(mg/mL)

Uncertainty (mg/mL) Expanded uncertainty
(mg/mL)

Relative expanded
uncertainty (%)

16 15.9 0.08 0.23 0.47 2.9
18 18.2 0.07 0.26 0.51 2.8
20 19.7 0.09 0.25 0.51 2.6
22 22.0 0.05
24 24.1 0.08

Fig. 6. Theoretical and NIR monitoring of the API content of (a) a 15 mg/mL API
syrup, (b) a 24 mg/mL API syrup while addition of (a) a 24 mg/mL syrup and (b) the
s
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yrup basis. The green continuous lines and the red discontinuous lines represent
espectively the NIR and the theoretical results. The dotted lines represent the ±3%
ncertainty of the NIR method. (For interpretation of the references to color in this
gure legend, the reader is referred to the web version of this article.)

From Fig. 6, it can be observed that the NIR predictions agree
uite well with the theoretical concentration calculations, taking

nto account the uncertainty of the NIR method.
The above experiments clearly show that the monitoring abil-

ty of such NIR method could be used to prevent the risk to
btain out of specification products. Even though the present study
as performed in a laboratory scale, the authors believe that

he present methodology could be transposed in a real manu-
acturing environment while taking care of additional challenges
uch as the interfacing and advanced probe cleaning procedures.
pplied before the final packaging steps, such method could
e the first step towards a real-time release quality-based sys-
em.

. Conclusions

A robust NIR model able to quantify acetaminophen in a
ow-dose pharmaceutical syrup formulation (2%, w/v) was devel-
ped.

The model was successfully validated for an active content rang-
ng from 16 to 24 mg/mL using an external validation set. The
MSEP value of the model suggested the overall model accuracy.
he accuracy profile on the validation results demonstrated the
ood accuracy of the results generated by the model all over the
nvestigated API range. Indeed, based on the calculated tolerance
nterval, each future result will be included within the ±5% accep-
ance limits with a probability of at least 95%.
Finally, it was shown that the developed method is able to
onitor in real time the API content of laboratory scale pharma-

eutical syrups. Consequently, the present method transposed in
he manufacturing line could be used to monitor the syrups API
oncentrations. The information provided by this monitoring sys-

[

[

0.20 0.41 1.9
0.36 0.72 3.0

tem may eventually reduce the risk to obtain out of specification
products. Applied to the manufacturing line, such method could be
one key element towards a real-time release quality-based system.
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