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ABSTRACT 27 

In the last decade significant advances have been made in process analytical technologies and digital 28 

manufacturing of pharmaceutical oral solid dosage forms leading to enhanced product knowledge and 29 

process understanding. These developments provide an excellent platform for realising real-time release 30 

testing (RTRT) to eliminate all, or certain, off-line end product tests assuring that the drug product is of 31 

intended quality. This review article presents the state of the art, an RTRT development workflow as well 32 

as challenges and opportunities of RTRT in batch and continuous manufacturing of pharmaceutical 33 

tablets. Critical quality attributes, regulatory aspects and the scientific basis of enabling technologies and 34 

models for RTRT are discussed and a systematic development workflow for the robust design of an RTRT 35 

environment is presented. This includes the discussion of key considerations for the identification of the 36 

critical quality attributes and points of testing as well as the development of the sampling strategy, a hard 37 

and/or soft sensor approach and operational procedures. The final sections present two RTRT use cases 38 

in an industrial setting as well as critically discuss challenges and provide a future perspective of RTRT. 39 

Keywords: Real-time release testing, tablet manufacturing, process analytical technology, soft sensors, 40 

models 41 

1. Introduction	42 

The majority of medicines are administered to a patient by oral solid dosage forms (tablets and capsules), 43 

where an active pharmaceutical ingredient (API) is combined with a range of excipients through a 44 

sequence of processes that improve manufacturability, ease of use and the therapeutic effect. 45 

Throughout this manufacturing process, the safety and efficacy of the drug product are maintained 46 

through a control strategy. For this to work, it is paramount to detect, control and monitor any sources of 47 

material and process variations which impact the critical quality attributes (CQAs) of the drug product.  48 

Given the complex nature of the formulations and processes, a full scientific understanding of all aspects 49 

that affect the drug product quality is generally not possible and hence frequent in-process control (IPC) 50 

measurements of process parameters and quality attributes of intermediate materials as well as the final 51 

product are essential steps to assure the quality of the drug product. This approach is not only relevant 52 

for batch processing, but it is of particular importance also in the context of continuous manufacturing 53 

(CM) to establish a state of control (Lee et al., 2015). As part of the progress in sensor technology over 54 

the last decade, a range of lab-based techniques have advanced into industrially robust and reliable 55 

process analysers that are suitable for process analytical technology (PAT) applications (Johansson et al., 56 

2010, Fonteyne et al., 2015; Laske et al., 2017). These technological advancements coupled with the 57 

significant progress in process modelling and soft sensors opened up new opportunities to access a wide 58 

range of chemical and physical material characteristics during manufacturing. 59 
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Once a robust formulation and process are developed, real-time release testing (RTRT) can be 60 

implemented to evaluate and ensure the quality based on process data by combining process controls 61 

and measured material attributes of one or all CQAs. RTRT is defined as “the ability to evaluate and ensure 62 

the quality of in-process and/or final product based on process data, which typically include a valid 63 

combination of measured material attributes and process controls.” (ICH, 2009). Apart from assuring 64 

product quality, this approach is aimed at reducing labour and cost-intensive off-line product release 65 

testing. From an industrial point of view, the effort on developing and deploying hard (PAT) and/or soft 66 

sensors falls typically into the responsibilities of a development organisation, while the beneficiary is 67 

usually the manufacturing and quality organisation. RTRT is thus the most direct monetary return (i.e., 68 

financial incentive) of generating a sound process understanding as well as developing and deploying 69 

sensors to measure CQAs.  70 

This review aims to provide an overview of RTRT as part of a control strategy (Section 2) and highlight the 71 

CQAs and measurement techniques (Section 3) relevant for RTRT in a tablet batch and continuous 72 

manufacturing line. Many CQAs cannot be measured directly and thus need to be predicted using models 73 

and one or several measured material properties and/or process parameters. Section 4 thus discusses the 74 

development, implementation and life cycle maintenance of models in the context of RTRT. A RTRT 75 

development workflow is presented in Section 5, which highlights key considerations in developing soft 76 

and hard sensors as well as identifying the points of testing and sampling plan. The final two sections 77 

present two industrial use cases (Section 6) and provide a critical review of challenges and a future 78 

perspective of RTRT (Section 7). 79 

2. Real-time	Release	Testing	as	Part	of	a	Pharmaceutical	Control	Strategy	80 

RTRT is an integral part of a control strategy, where the controls can include “parameters and attributes 81 

related to drug substance and drug product materials and components, facility and equipment operating 82 

conditions, in-process controls, finished product specifications, and the associated methods and frequency 83 

of monitoring and control” (ICH, 2007). A pharmaceutical control strategy can typically be associated to 84 

one of the three categories, as defined by Yu et al. (2014), from the lowest level based on recipe control 85 

and end product testing (Level 3) to the highest level (Level 1) of control enabling fully automated 86 

processing. Descriptions of these different categories are provided in Appendix B. Regardless of the 87 

category, a control strategy includes a specification of the methods used to control drug substance and 88 

product properties. Methods used to make quality-based control decisions during RTRT are referred to as 89 

primary methods and considered as high (impact) risk methods according to the risk impact matrix as 90 

described in 'ICH Quality Implementation Working Group Points to Consider (R2)' (ICH, 2011, 1995). In 91 

other words, high risk methods are used to determine CQAs, that are not subsequently tested 92 
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downstream. A medium (impact) risk method, in contrast, is used to control an attribute which is verified 93 

downstream, these methods are considered as medium (impact) risk, which have a lower validation 94 

burden. Methods that are not used to make control decisions are regarded as low (impact) risk and, whilst 95 

the performance of the equipment or method needs to be tested to ensure it is fit for purpose, often 96 

method validation is less rigorous.  97 

Although the approved control strategy describes the steps that are required to ensure the process stays 98 

in a state of control, it is possible to report the compliance to these requirements as justification for 99 

product disposition under RTRT. Acceptance limits for RTRT should also include minimum sample sizes 100 

and criteria for proceeding at risk when individual data points are missing. 101 

3. Critical	Quality	Attributes	102 

CQAs of pharmaceutical tablets are commonly material properties affecting product purity, strength, drug 103 

release and/or stability. In many RTRT applications one or several measured material properties are used 104 

to predict the CQA of interest with a validated model (see Section 4 for more details). The process flow 105 

diagram in Figure 1 indicates the most prevalent CQAs in batch and continuous tablet manufacturing for 106 

the three common processing routes: 1) direct compression, 2) dry granulation and 3) wet granulation. 107 

Compared to Option 1, directly compressed tablets, Options 2 and 3 are very common in an industrial 108 

setting as a granulation step can improve flow properties and compression properties and thus enable a 109 

higher drug load and improved content uniformity for low dose formulation products. Although the CQAs 110 

in Figure 1 are relevant for both batch and CM of tablets, the selection of the sensor type and its 111 

integration as well as the point of testing and sampling plan might vary between the two manufacturing 112 

configurations. Sensors in CM may also be used as an in-process control to divert material to waste when 113 

the monitored attribute is outside the control limit (e.g. when tablet content uniformity limit is not 114 

achieved), whereas in batch manufacturing the measurements are commonly used to detect the process 115 

end point (e.g. stopping the coating process when the desired coating thickness is reached). 116 

It is important to emphasise at this point that existing RTRT’s for the discussed CQA’s are not feasible for 117 

all drug product manufacturing processes and need to be evaluated on a case by case basis. The suitability 118 

of a CQA for a given drug substance and manufacturing setting needs to be assessed during the 119 

development of the RTRT method as discussed in Section 5. When choosing the point of testing and type 120 

of sensor for RTRT, accuracy, speed, robustness, repeatability, selectivity and sampling strategy needs to 121 

be considered in a risk and cost-benefit analysis (more details are provided in Section 5). This analysis 122 

should also address whether a direct measurement of the property is possible, or a multivariate model is 123 

needed to predict the CQA from one or several measurement signals and/or material attributes. This is 124 

indicated in Figure 2 for each CQA and measurement technology discussed below. In this context, a direct 125 



5 

 

 

measurement is the determination of the size or amount of a property of interest using a sensor without 126 

the need of a statistical model. 127 

This section discusses relevant CQAs and hard (PAT) and/or soft sensors in use to measure them. Key 128 

information of RTRT implementations and other relevant PAT applications are summarised in Table C.1 in 129 

Appendix C. However, further detail about the various PAT methods is outside of the scope of this article 130 

and the interested reader is referred to other review articles (Johansson et al., 2010; Fonteyne et al., 2015; 131 

Laske et al., 2017). In the current literature many of the described applications used NIR or Raman 132 

spectroscopy. The choice between those two methods typically depends on the absorption features of 133 

API and excipients in the respective spectral range as well as the required speed of analysis. Selection 134 

criteria and in-depth discussion of these methods can be found in a range of publications (Beer et al., 135 

2011; Nagy et al., 2018; Paudel et al., 2015; Reich, 2005; Roggo et al., 2007). 136 

3.1 Blend	Mixing	Homogeneity	and	Tablet	Content	Uniformity	137 

Content uniformity ensures that a consistent dose of the drug is maintained between tablets and batches. 138 

In a tablet, it is primarily influenced by the homogeneity of the powder mixture after the final blending 139 

step and the tablet weight. Blending aims to produce a homogeneous mixture of drug and excipient 140 

particles that accurately represents the desired ratios of the components. The mixing homogeneity is 141 

commonly monitored in batch blending to detect the end point of the mixing (Berntsson et al., 2002; 142 

Crouter and Briens, 2019; Pestieau et al., 2014; Sibik et al., 2017). For continuous processes, the mixing 143 

homogeneity is assessed of a continuous stream of powder, which enables feedback process control as 144 

well as in-process control to divert material to waste. In the continuous case, it is more appropriate to 145 

integrate a PAT method in the transfer line between a blender and the tablet press (Järvinen et al., 2013; 146 

Palmer et al., 2018) or the feed frame of the tablet press (Hetrick et al., 2017), as discussed by Almaya et 147 

al. (2017). If the point of testing is in the transfer line, then a sampling device that presents the sample 148 

(i.e. powder) in a consistent and representative manner to the sensor probe is required. A critical aspect 149 

of the integration of PAT systems in transfer lines and also in the processes is the use of suitable sampling 150 

devices and their configuration as discussed in Section 5. For example, several research groups and 151 

pharmaceutical companies have integrated a NIR probe in the feed frame of a tablet press to monitor 152 

mixing homogeneity in close proximity of the subsequent compression step so that the measurement 153 

represents the composition of the tablets as closely as possible (Manley and Shi, 2018a). In most RTRT 154 

applications the mixing homogeneity is measured using NIR or Raman spectroscopy and sampling is 155 

performed in a reflection setup.  156 

Once tablets are formed during compression, the tablet content uniformity can also be determined using 157 

a spectroscopic measurement. For such applications, NIR and Raman spectroscopy measurements are 158 



6 

 

 

also commonly employed. The quantification of the drug substance content and its uniformity in 159 

pharmaceutical tablets is well established as an at-line, on-line and even in-line setting (Harms et al., 2019; 160 

Hetrick et al., 2017; Järvinen et al., 2013). In contrast to traditional content and uniformity testing (e.g. 161 

HPLC and UV), PAT methods can be applied to analyse intermediate materials and final products during 162 

manufacturing within seconds and without the need for sample preparation.  163 

Goodwin et al. (2018) demonstrated an RTRT implementation of NIR spectroscopy to determine drug 164 

content and uniformity of tablets prepared by a batch manufacturing process including high shear wet 165 

granulation. The authors evaluated the suitability of three options to analyse the content uniformity for 166 

RTRT: i) individual tablet weight data, ii) estimated individual tablet content data based on weight 167 

variations, and iii) individual tablet content by NIR. For their application they selected option iii) as it did 168 

not rely on assumptions such as the concentration of the drug in the tablet is at target. Goodwin et al. 169 

stressed that the sample size (i.e. number of analysed tablets) was limited by the acquisition rate of the 170 

spectrometer and the time and accuracy of the positioning of the sample for the measurement. This can 171 

be overcome by integrating the NIR probe directly in the tablet press (Järvinen et al., 2013; Karande et al., 172 

2010). For example, Järvinen et al. (2013) demonstrated the implementation of the drug content 173 

measurement at an acquisition rate of 125,000 tablets/h at the tablet press. 174 

Recently, the compression force was used to predict the weight uniformity and/or content uniformity of 175 

tablets as an indirect measure of the tablet content uniformity (Manley et al., 2019; Manley and Shi, 2018) 176 

– more details are discussed in Section 6.2. This soft sensor allowed the authors to implement an in-line 177 

quality control strategy that makes product collection decisions on 100% of the tablets using a 178 

multichannel discharge chute.  179 

3.2 Moisture	Content	180 

Moisture content can be classified as a CQA in a tablet manufacturing line that involves wet granulation. 181 

In wet granulation, a liquid (e.g. pure water, EtOH, IPA or a suspension) is added to a dry powder mix to 182 

develop liquid bridges between particles and eventually form granules that improve flowability, 183 

homogeneity and compressibility of the raw materials (Kleinebudde, 2004; Vervaet and Remon, 2005). 184 

The wet granules are subsequently dried to reach a desired residual moisture content, and in turn 185 

density/porosity, before compaction. This residual moisture content may impact mechanical properties 186 

(i.e. tensile strength) (Ahlneck and Alderborn, 1989; Hartung et al., 2010), dissolution performance 187 

(Gabbott et al., 2016) as well as chemical and physical stability (Hausman et al., 2005; Viljoen et al., 2013) 188 

of the solid dosage form. Moisture content can be tested at different points in the process. In the majority 189 

of cases, the moisture content is assessed during drying (Buschmüller et al., 2008; Hausman et al., 2005) 190 

in order to determine the endpoint of drying. It has also been measured during (Hartung et al., 2010) or 191 
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after wet granulation (Fonteyne et al., 2012) as well as during milling (Chablani et al., 2011) and after 192 

roller compaction (Gupta et al., 2005). In many cases the availability of integration ports for the sensor in 193 

the process drives the selection procedure of the point of testing.  194 

NIR and microwave resonance technology (MRT) are the most popular methods to quantify the residual 195 

moisture content. MRT was demonstrated to monitor the moisture content during fluid-bed drying 196 

(Austin et al., 2013; Buschmüller et al., 2008; Lourenço et al., 2011). The low operating frequency of MRT 197 

allows electromagnetic radiation to penetrate several centimetres into the material. In contrast, the 198 

penetration depth of NIR spectroscopy is limited to a few millimetres. The MRT signal thus reflects the 199 

moisture content of a significantly larger sample volume, which is a crucial parameter to consider when 200 

selecting an appropriate RTRT technology, as discussed in Section 5. Although MRT can outperform NIR 201 

spectroscopy in terms of determining the moisture content, NIR spectroscopy has benefits in its versatility 202 

as it can be used to monitor the chemical composition of a powder blend more accurately than MRT 203 

(Austin et al., 2013).  204 

3.3 Solid	State	Chemistry	205 

It is critical to identify process-induced solid state transformations as a change in its form (polymorphs, 206 

hydrates and solvates) can directly impact the solubility, stability and bioavailability of the drug. A solid 207 

state transformation can be induced by a change in temperature, pressure or humidity during processing.  208 

Wet granulation is considered as one of the most critical steps in terms of inducing a solid state 209 

transformation of the API. NIR and Raman spectroscopy is commonly integrated in the granulation or 210 

subsequent drying process to identify changes in the solid state. Wikström et al. (2004) deployed Raman 211 

spectroscopy to in-line monitor the hydrate formation of theophylline in a high-shear wet granulator. The 212 

dehydration of erythromycin was observed in-line during fluid-bed drying using NIR spectroscopy (Römer 213 

et al., 2008). Fonteyne et al. (2012b) monitored the solid state of granules at the outlet of a continuous 214 

twin screw granulation process and they highlighted that the differentiation between theophylline 215 

polymorphic transformations were more pronounced in Raman spectra than in NIR spectra.  216 

3.4 Dissolution	217 

Dissolution testing is an integral part of the regulatory filing worldwide, and it plays a vital role in the drug 218 

product development lifecycle ranging from process development, validation, evaluation of post-approval 219 

formulation changes to drug product quality, assessment of bioequivalence, and as a surrogate for in vivo 220 

drug release (Zaborenko et al., 2019). In vitro dissolution testing is used routinely for batch release testing 221 

to detect CQA changes affecting in vivo release of the drug product. The white paper by Zaborenko et al. 222 

(2019) provides a general strategy for predictive in vitro dissolution model development. 223 
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Prediction of tablet dissolution performance is possible using a surrogate model (see Section 5 for more 224 

details) that is capable of calculating a dissolution property (e.g. drug content percentage release after 225 

15 min) from material properties and/or measurable quality attributes. The most commonly measured 226 

quality attributes are tablet strength, weight, thickness, porosity as well as coating thickness for direct 227 

compression formulations (Option 1 in Figure 1). In addition to these attributes, granule size and density 228 

need to be considered in case of a granulated product (Option 2 and 3 in Figure 1). Several groups have 229 

developed models for predicting a dissolution characteristic from individual (Hernandez et al., 2016; 230 

Pawar et al., 2016; Zannikos et al., 1991) and a combination (Nagy et al., 2019; Otsuka et al., 2007) of NIR 231 

and Raman spectroscopic measurements in reflection as well as in transmission. 232 

3.4.1 Granule Size and Density 233 

The size and the density (or porosity) of granules produced in wet or dry granulation impact the 234 

disintegration and dissolution of a tablet when it comes in contact with physiological fluid. During the 235 

disintegration, a tablet tends to break up into its granules. The specific surface area and the density of the 236 

granules drive the liquid uptake of the granules and their break up into the primary drug particles (Markl 237 

and Zeitler, 2017). Both granule size and density can impact drug product performance and its effect on 238 

dissolution varies depending on the formulation, process setting and API. As an example, van den Ban and 239 

Goodwin (2017) discussed a drug product where the granule density has a stronger impact than granule 240 

size on product performance. Although granule density is frequently identified as a CQA, an accurate, fast 241 

and non-destructive determination of this granule property is challenging. Narang et al. (2015) 242 

demonstrated an in-line approach for a high shear wet granulator that utilises a drag force flow (DFF) 243 

sensor to measure a signal reflecting both granule size and density changes. It was shown that the change 244 

of ribbon density after dry granulation can be monitored using an in-line microwave resonance sensor 245 

(Austin et al., 2013), Gas in Scattering Media Absorption Spectroscopy (GASMAS; Sjöholm et al, 2001, 246 

Svensson et al, 2007, Johansson et al, 2020) or in-line NIR spectroscopy coupled with a principal 247 

component analysis (PCA) and partial-least squares (PLS) regression (Acevedo et al., 2012).In terms of 248 

granule size, measurement techniques are more advanced than for granule density. The granule size has 249 

been measured in-line during or after granulation using a range of different techniques including spatial 250 

filter velocimetry (SFV) (Fonteyne et al., 2012a), focused beam reflectance measurements (FBRM) (Kumar 251 

et al., 2013), microwave resonance technology (MRT) (Lourenço et al., 2011), acoustic emission (AE) 252 

(Whitaker et al., 2000), photometric imaging technique (PIT) (Fonteyne et al., 2012a) and NIR 253 

spectroscopy (Khorasani et al., 2016). A different approach was demonstrated by Närvänen et al. (2009) 254 

for fluid-bed granulation, who developed a soft sensor that was capable of predicting the granule size 255 

from measured and derived process data. In this approach, they used 41 parameters in total ranging from 256 
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the temperature of the process room and granulation chamber to the flow rate of inlet air and cumulative 257 

enthalpy of the water vapour in outlet air.  258 

3.4.2 Tablet Strength, Weight and Thickness  259 

Tablet strength (e.g. hardness, breaking force, crushing strength or tensile strength) is a measure of the 260 

strength of interparticle bonds formed during granulation and compaction. These particle-particle bonds 261 

need to be ruptured during tablet disintegration which makes the tablet strength a crucial property that 262 

affects the dissolution. Moreover, tablet hardness, thickness, and tablet size are parameters that are 263 

commonly measured at-line after compaction using an automated testing system and can be integrated 264 

into spectroscopic sensor systems. There are also some articles demonstrating the use of NIR 265 

spectroscopy (Donoso et al., 2003; Luukkonen et al., 2008) and acoustic emission (Razavi et al., 2016) to 266 

predict the tablet strength.  267 

3.4.3 Tablet Porosity 268 

Porosity is a fundamental tablet property that impacts mechanical attributes (tensile strength) and tablet 269 

dissolution performance. It particularly affects the rate at which the tablet takes up physiological fluids 270 

during dissolution, which is the first and often rate-limiting step during tablet disintegration (Markl et al., 271 

2018; Markl and Zeitler, 2017). 272 

Traditionally, tablet porosity (1 - solid fraction) is calculated using the tablet weight, tablet thickness and 273 

tooling geometry: 274 

𝑓 = 1 − 𝜚d = 1 − '
(	*t

           Eq. 1 275 

with 𝜚d as the relative density or solid fraction, 𝑚 as the mass, 𝑉 as the volume of the tablet and 𝜚t as the 276 

true density of the solid material. Eq. 1 can be further refined for a given set of tablet tooling by 277 

𝑓 = 1 − '
./	(cup345die	.89/	:cup;<;*t

         Eq. 2 278 

with the tablet tooling parameters 𝑉cup, 𝑑cup and 𝐴die as the volume of the cup, depth of the cup and die-279 

hole area, respectively. The true density value is commonly measured using helium pycnometry or 280 

calculated by considering the weight percentage of true density values of the individual components. 281 

Recently, it was demonstrated that tablet porosity could be measured in a non-destructive and 282 

contactless manner using terahertz time-domain spectroscopy (Markl et al., 2018b; Markl and Zeitler, 283 

2017). It was also shown that this method is capable of predicting the disintegration time and dissolution 284 

characteristics for granulated products (Markl et al., 2017b, 2018a).  285 
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3.4.4 Coating Thickness  286 

The coating thickness influences the drug release process in particular in the case of functional coatings, 287 

which are designed to act as a diffusion barrier or to protect the API against degradation in the stomach 288 

(enteric coatings). Both functions highly depend on the layer thickness and its uniformity, equally for 289 

single tablets (intra-tablet coating variability) as well as between tablets (inter-tablet coating variability).  290 

The coating thickness can be measured indirectly using spectroscopic methods (NIR and Raman 291 

spectroscopy) by analysing the attenuation of spectral features of one of the mutually exclusive 292 

constituents in the product substrate or in the coating formulation (Müller et al., 2012; Pérez-Ramos et 293 

al., 2005; Tabasi et al., 2008; Wirges et al., 2013). This typically requires the use of a multivariate model 294 

that relates the attenuation of a spectral feature to a reference coating thickness measurement. 295 

Alternative approaches are terahertz pulsed imaging (TPI) and optical coherence tomography (OCT), 296 

which are both structural imaging techniques that do not require a multivariate model. Both methods 297 

facilitate the direct measurement of the coating thickness by providing depth profiles of the coated tablets 298 

during manufacturing. TPI and OCT can be considered as complementary methods where OCT is highly 299 

suitable for measuring thin coatings (15 to 100 µm, highly dependent on the optical properties of the 300 

coating material), whereas TPI is particularly powerful for thick coatings (40 to >200 µm, low dependence 301 

on coating material) (Lin et al., 2018, 2017a, 2017b, 2015). 302 

4. Models	303 

Predictive models are essential to develop real-time surrogate methods replacing traditional release tests 304 

(EMA, 2012). Considering tablet manufacturing, qualitative models are commonly used for identification 305 

of input materials and tablets, whilst quantitative models have been published for content, content 306 

uniformity, form, water content and dissolution (see Table C.1 for examples). The models can be based 307 

on first principles if a simple relationship can be defined between process parameters and the quality 308 

attribute of interest, e.g. compaction force as a surrogate for tablet mass (Manley at al., 2019). These 309 

models can predict the property of interest in a short time requiring minimal data for calibration and 310 

validation. However, in most cases the underlying mechanistic equations are highly complex resulting in 311 

long computation times. Moreover, most mechanistic models do not account for small, random variability 312 

in process parameters and attributes, i.e. stochastic variation. Therefore, models supporting RTRT are 313 

typically data-driven (empirical). Empirical models can be based on off-line data (e.g. raw material 314 

attributes, process parameters) and/or real-time process measurements (e.g. tablet hardness, PAT 315 

measurements) (EMA, 2012; Zaborenko et al., 2019). Most surrogate methods for batch release of tablets 316 

predict quality attributes from at-line or on-line spectral measurements. One exception is the RTRT for 317 

tablet dissolution of an AstraZeneca drug product approved by the EMEA (Herkert et al., 2008), which was 318 
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supported by a model based on input material and tablet attributes (accounting for variability in process 319 

parameters, see section 6.1).  320 

4.1 Model	Development	and	Implementation	321 

All models supporting real-time release are categorised as high impact models, because the resulting 322 

predictions are significant indicators of quality (ICH, 2011; Kourti et al., 2014). Guidance for model 323 

development and validation are provided by ICH (2011) and EMA (2014). In general, a model development 324 

procedure consists of several steps: (1) composition of calibration and validation data set, (2) 325 

measurements, (3) data pre-processing, outlier detection and removal, (4) model calibration, (5) 326 

validation and (6) lifecycle management. 327 

The selection of calibration and validation data is a critical step ensuring robustness of the release test 328 

(EMA, 2014; ICH, 2011): the supporting samples should be representative of the commercial production 329 

process and the expected process variability, e.g. API concentration, particle size, material suppliers, 330 

equipment and scale. Key considerations of the sampling plan are discussed in Section 5. Therefore, 331 

calibration sets are typically generated by varying process parameters and material attributes as part of a 332 

DoE within the defined operation ranges (Hetrick et al., 2017). 333 

Spectroscopic data contain noise caused by for example physical scattering effects and fluorescence. 334 

which is not related to the predicted CQA(s). Therefore, a wide array of pre-processing techniques can be 335 

used to suppress these effects (e.g. standard normal variate transformation, multiplicative scattering 336 

correction) and obtain more accurate and precise predictions (Gautam et al., 2015; Rinnan et al., 2009). 337 

During this step it is important to identify outliers caused by measurement errors or atypical samples, so 338 

they can be removed from the calibration set increasing model accuracy and precision. 339 

As a CQA is mostly described as a function of multiple process parameters and/or spectral attributes, 340 

calibration methods are generally using multivariate models such as multiple linear regression (MLR) for 341 

DoE applications and PLS regression for spectroscopic applications (Gautam et al., 2015; Wold et al., 342 

2001). Models are typically developed off-line, which is even feasible for on-line RTRT’s for CM (Hetrick et 343 

al., 2017). During model calibration, it is critical to define statistical limits for spectral and/or process data 344 

ensuring validity of the model for every prediction. Every measurement outside these limits is then 345 

considered an outlier for which the RTR method is not valid. Recurrent excursions should trigger an 346 

investigation as they might indicate problems with the PAT probe or flag the need for a model update. 347 

The statistical limits are typically based on score values (e.g. the 99% confidence region of Hotelling’s T2) 348 

and residuals (e.g. distance to model or Q residuals) calculated from the calibration measurements (EMA, 349 

2014). 350 
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General guidance for model validation is provided by the USP, e.g. setting acceptance criteria (USP, 2017) 351 

and ICH, e.g. comparison of accuracy of calibration versus prediction, and validation of the model using 352 

an external data set, i.e. data set from experiments/batches not used for model building (ICH, 2011, 1995). 353 

The EMA (2014) validation requirements for models supporting NIR applications are more detailed 354 

covering specificity, linearity and range, accuracy, precision and robustness.  355 

4.2 Model	Lifecycle	Management		356 

Once a RTR test is implemented to support commercial manufacturing, a lifecycle management plan is 357 

required as part of the quality management system of the site. This plan should describe a risk-based 358 

verification approach for model performance, including both model monitoring and model maintenance. 359 

Critical components of the lifecycle management plan are events triggering model updates (e.g. changes 360 

in raw materials or equipment), criteria for recalibration and the level of revalidation (Chatterjee, 2019; 361 

ICH, 2011). Specific NIR guidance from the FDA (2015) and the EMA (2014) outlines expectations and 362 

requirements for model lifecycle management on NIR related applications.  363 

5. RTRT	Development	Workflow	364 

This section presents a systematic and science-based development workflow (Figure 3) for the robust 365 

design of an RTRT environment for hard (PAT) and/or soft sensors that enables the determination of a 366 

CQA. Details about the different stages and decisions as shown in Figure 3 are discussed below. Note that 367 

a certain level of process understanding is required at the start of the workflow but typically additional 368 

process understanding is gained during RTRT development.  369 

 370 

Stage 1a/b and Decision 1: Initially, process and product knowledge need to be gathered and/or 371 

generated if not sufficient information is available. PAT methods or soft sensors may need to be 372 

developed first to generate process and product understanding. Once sufficient understanding 373 

about the processes and product exists, the detailed definition of the attribute of interest should 374 

be compiled (stage 2). 375 

Stage 2: The attribute of interest and the overall goal of the RTRT measurement including the physical 376 

scale of the attribute, i.e. microscopic (blend homogeneity) vs macroscopic (granule density, 377 

granule size/distribution) are defined. This can be summarised in an Analytical Target Profile 378 

(Jackson et al., 2019) to prospectively define the requirements of the method. A key element to 379 

consider, which can impact the point of testing, is whether the control strategy is intended for 380 

monitoring only or real-time feedback control is required (Yu et al., 2014). For example, in batch 381 

manufacture, considering the drug product CQA content uniformity, measurement of blend 382 
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homogeneity can be performed at the tablet press feed frame for monitoring, but will need to be 383 

performed at the blending stage for end point control. In CM, there is less distinction, but the 384 

residence time needs to be considered between the point of testing and the point of control. A 385 

detailed definition of the attribute of interest the overall goal of the RTRT measurements is crucial 386 

when moving to stage 3, where the sensor and the type of measurement is selected.  387 

Stage 3: The sensor, location and type of measurement (direct vs indirect measurement of the attribute 388 

of interest) are evaluated and defined The decision is predicated on the technical feasibility for 389 

direct measurement and the role of the measurement in the context of the control strategy, e.g. 390 

tablet weight or compression force can be positioned as an appropriate indirect measurement 391 

(i.e. soft sensor) of tablet content if blend homogeneity is determined upstream. The information 392 

and knowledge generated in the stages 1 – 3 will then be used to perform a risk and cost-benefit 393 

analysis (stage 4).  394 

Stage 4: The risk and cost-benefit analysis should consider measurement characteristics, such as 395 

selectivity, accuracy and precision, calibration technology transfer, commercialisation, and 396 

maintenance. In addition, the effect of the sampling location on the measurement and the process 397 

operation needs to be analysed. This is particularly important when using sub-optimal location 398 

due to limited availability of existing ports and windows. The process dynamics and intended 399 

application should be considered when choosing a point of testing. This risk assessment should 400 

also take into account the effect of the sensor on normal process operation and cleanability. 401 

Benefits and challenges of the most common points of testing in tablet manufacturing are given 402 

in Table 1. In addition, consideration should be given to whether the measured attribute could 403 

change downstream from the point of testing (Moore, 2011). For example, given the vicinity of 404 

the measurement location to tablet compression, the correlation of API content in final blend in 405 

the feed frame with that in tablets has been proved to be robust and reliable. In addition, during 406 

early development studies, it was discovered that powder mixing does not end at the outlet of 407 

mixer and that the feed frame is also an efficient mixer (Joseph et al., 2011). Thus, the blend 408 

homogeneity is best represented at the feed frame, not the mixer. Therefore, many companies 409 

use the API content measured at the feed frame to (1) measure real-time API content in the final 410 

blend and make real-time accept/reject decision (process disturbance detector) and (2) use such 411 

an approach to replace traditional content uniformity release testing. The outcome of the risk and 412 

cost-benefit analysis will drive the decision whether RTRT will be realised (decision 2).  413 

Decision 2: Besides the considerations highlighted in Stage 4, this decision needs to consider that product 414 

quality needs to be within specification taking into account prediction error as well model 415 

diagnostics ensuring the validity of the model at any time.  416 
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Decision 3: The selection of soft sensor versus hard sensor should be made based on the risk assessment 417 

and the knowledge developed in the Stages 1 – 4. It should also consider the prediction error, 418 

required maintenance and validation efforts for a soft or a hard sensor. In the majority of cases, 419 

a reference method (Stages R1 – R2) needs to be developed to validate the RTRT method.  420 

Stages R1 – R2: A reference method is typically needed to validate the soft or hard (PAT) sensor. The 421 

reference method development may need to consider an additional validation method. More 422 

details on reference methods and method validation development can be found in FDA (2015a). 423 

The reference method is used in the soft (Stages S1 and S2, Decision S1) or hard sensor 424 

development (Stages H1 – H5, Decisions S1 – S3). 425 

Stages S1 – S2, H1 – H3 and Decisions S1, H1 – H2: In the majority of cases a calibration is needed for 426 

both soft and hard sensors. The calibration includes the parameter estimation of mechanistic and 427 

statistical (multivariate) models that relate the measured signal (PAT or process parameters) to 428 

the CQA. Key considerations in the soft and hard sensor development are thus concerning the 429 

model development, validation and maintenance, which are discussed in detail in Section 4. The 430 

hard sensor development commonly includes more stages and decisions as detailed below.  431 

Decision H3: When choosing between online and inline measurements, there is a trade-off between 432 

accuracy versus speed. Is a high sampling frequency critical for monitoring or controlling the 433 

attribute of interest? The sampling frequency and measurement duration is part of the sampling 434 

plan development, which is discussed below in the Stages H5 and H6.  435 

Stage H4a - b: The method of interfacing the measurement system to the manufacturing equipment needs 436 

to be defined. Effects of the physical and chemical changes of the sample material as well as 437 

process and environmental conditions on the measured attribute must be understood to ensure 438 

a robust and reliable measurement. The material and process equipment interactions can also 439 

impact the window fouling management (Stage H4c).  440 

Stage H4c: An understanding of the probability of window fouling, i.e. the build-up of material on or in 441 

front of the sensor, needs to be developed. An appropriate procedure (e.g. automated and 442 

frequent probe cleaning) should be considered to avoid that window fouling compromises the 443 

measurement. The window fouling management will also influence the sampling plan (Stage H5). 444 

Stage H5: Key considerations for developing a robust and reliable sampling plan are discussed in detail in 445 

ASTM (2018). In general, the sample size of a PAT measurement should be representative of a 446 

unit dose and consider scientific and statistical principles in combination with appropriate risk 447 

assessment tools to ensure that the sampling approach is suitable for the application (Lee et al., 448 

2015). This stage includes an analysis of the contribution of a sample to the measurement in terms 449 
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of effective sample size, heterogeneity of the sample material at the micro level, speed of analysis 450 

and relative displacement of the sample for a moving process. For example, the effective sample 451 

size might be very large if the sample moves quickly compared to the measurement speed. An 452 

appropriate measurement cycle time should be determined by considering the overall time-frame 453 

and dynamics of the process as well as the effective sample size.  Although this section focuses on 454 

on/in-line applications of solids, many of the considerations are also relevant for at-line and off-455 

line analysis in which a sample is taken from the process and used for analysis.  456 

1. Identify factors affecting the PAT measurement (ruggedness/insensitivity with respect to 457 

interferences from other factors). The use of prior knowledge of product and risk assessment in 458 

the design of the sampling plan is critical to develop appropriate actions that reduce, mitigate or 459 

control these risks. In particular, a risk assessment of sampling errors and its impact on the 460 

measurement, reliability of the measurement and the sampling system should be conducted and 461 

a mitigation plan should be developed. 462 

2. Understand impact of scale of the manufacturing process (sampling frequency might be higher at 463 

small scale compared to full commercial scale, different process dynamics). 464 

3. Understand and consider sample heterogeneity (commercial scale manufacturing may be subject 465 

to an increased likelihood of subpopulations which would increase sample-to-sample variations). 466 

4. Estimate the effective sample size (amount of sample which is being investigated). Sensors have 467 

a limited field of view and effectively only evaluate a sub-set of the material under investigation. 468 

PAT methods will penetrate a sample finite depth and measurements can only be taken at a finite 469 

rate.  470 

5. Review the effective samples size in terms of the required level of scrutiny, e.g. blend content 471 

uniformity sample size needs to be comparable to the nominal tablet unit dose level. Extremely 472 

low dose and/or high potency may need a more rigorous sampling to assess blend and/or dosage 473 

unit uniformity.  474 

Stage 5a - c: Once the RTRT sensor is developed, there are several stages that consider the operational 475 

procedure. Firstly, in the case of a CM a residence time distribution needs to be estimated using 476 

a digital twin and/or experimental data. The residence time distribution (RTD) may also inform 477 

the sampling plan in Stage H5. The RTD is the probability distribution of time that a material (solid 478 

or liquid) spend in one or more unit operations (Gao et al, 2012). Secondly, an outlier and 479 

maintenance management plan should be developed. This includes the development of a 480 

contingency plan for the event of a sampling and system failure as well as human error. This may 481 

include parallel monitoring to identify a sampling failure and to ensure the process stays in a state 482 
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of control. Thirdly, the RTRT sensor needs to be integrated in the supervisory control system that 483 

manages the storage of the data and real-time control actions (e.g. divert to waste).  484 

Decision 4: As discussed above, a contingency plan for the event of a sampling or system failure can be 485 

built into the control strategy for RTRT. The concept of a parallel method can be implemented to 486 

confirm the primary (RTRT method) has made the correct decision. As an example, a primary 487 

method is used for tablet content using a soft sensor, which has a measurement 488 

frequency/periodicity to see high process variance and compliant with sampling requirements for 489 

RTRT (Stage H5). A parallel method (spectroscopic measurement) which operates at a much lower 490 

frequency is then just used to confirm the soft sensor is still predicting correctly. In case of a 491 

deviation between the primary and parallel method, it becomes a risk management issue. If the 492 

primary method is still valid, then the manufacturing can be continued but it runs at risk and an 493 

investigation needs to be started. The outcome of the investigation could be: i) if the primary 494 

method is correct, then the parallel (a low impact model) needs to be updated, or ii) if the primary 495 

method is not correct, then the material cannot be released until the method is corrected and re-496 

validated. In regular operation it is necessary to include several parallel low-risk impact methods 497 

that can run at a lower frequency and which are designed to verify that the decisions made by the 498 

primary methods are correct. These parallel methods do not make the control decision and 499 

disagreement between the primary and parallel is captured as a deviation when the process is 500 

running. 501 

6. Industrial	Use	Cases	502 

This section provides industrial RTRT examples from AstraZeneca and Eli Lilly.  503 

6.1 Use	Case	from	AstraZeneca	504 

At AstraZeneca a real-time process was deployed for the release of a selected commercial product, i.e.an 505 

immediate-release tablet manufactured by standard wet granulation and tablet compression in batch 506 

mode. The building blocks of the PAT and model-based process monitoring and control strategy ensuring 507 

the quality of the final product are outlined in Figure 4, whilst the detailed RTR scheme is summarized in 508 

Table 2. This holistic release approach covers the manufacturing process from raw materials at dispensing 509 

through to the finished product after compression and coating. By combining in-process monitoring, PAT 510 

based controls, and cGMP the intended quality of the finished tablet is assured as well as its compliance 511 

with the drug product specification. In essence, this enables release of the manufactured product in real-512 

time by making any testing on the finished product to become redundant postprocessing. Notably, this 513 

approach and scheme was the first that achieved regulatory approval of RTR in Europe in 2007 (Herkert 514 
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and Zahn, 2008). Moreover, this preceded the publication of the harmonized guidelines comprising RTRT 515 

and its regulatory definition (ICH, 2008).  516 

In detail, the overall strategy is founded on a science- and risk-based combination of standard in-process 517 

controls (e.g. tablet hardness), current good manufacturing processes (e.g. material dispensing), and a 518 

wide range of PAT and modelling tools, which all support the real-time batch release monitoring and 519 

control strategy as described below. 520 

The raw material in every container was identified by measuring diffuse reflectance with an inserted NIR 521 

probe. The collected spectra were pre-processed to filter out noise and analysed using a PCA. The resulting 522 

PCA scores were then subjected to soft independent modelling by class analogy (SIMCA) to confirm the 523 

identity of the material. Tablet identity, content and content uniformity were determined by a real-time 524 

automated NIR method in reflectance mode. Sampling was conducted by an automated means that 525 

deflected tablets for NIR analysis, where the NIR analyser was either at-line in the manufacturing area or 526 

integrated into the tablet compressor. Standard pre-processing techniques and partial least squares 527 

regression were applied to predict the quality attributes from the measured spectra, whilst SIMCA was 528 

applied for identification. The calibration models for all NIR applications were based on samples generated 529 

by a DoE varying API concentration and selected material attributes and process parameters within the 530 

established manufacturing ranges. Variations in suppliers for raw materials were also included. The 531 

acceptance criteria for content and content uniformity were based on operational curves (i.e. probability 532 

of acceptance versus proportion of units with content in the range of 85 - 115%) accounting for the large 533 

sample sizes (Sandell et al., 2006). The model validation approach addressed selectivity, linearity and 534 

range, accuracy (2 external validation sets), precision and robustness. 535 

For each batch, the dissolution was predicted by a multiple regression model based on (1) mechanistic 536 

understanding of the effect of key materials and processing parameters on tablet product dissolution 537 

properties and (2) a complementary experimental design varying selected process parameters and 538 

attributes simultaneously at laboratory scale. In the DoE, input material and tablet core attributes and 539 

process conditions were provoked far outside normal operational ranges. The statistically significant 540 

design factors, i.e. two input material and one tablet attribute, confirmed mechanistic understanding and 541 

were therefore retained in the model containing linear, interaction and quadratic terms. The regression 542 

model was evaluated based on mechanistic understanding of in-vitro dissolution, statistic diagnostics (e.g. 543 

lack of fit, residuals) and further verification with two external data sets generated from more than ten 544 

full scale batches. Note that the model is only valid when all process parameters and attributes are within 545 

the established boundary conditions, e.g. manufacturing process ranges and specification acceptance 546 

criteria of the API. The prediction model can also be used to finetune the output of the manufacturing 547 
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process in a feed forward control way, by adjusting any of the modelled attributes, i.e. advanced process 548 

control. 549 

Note that the real-time release control strategy was complemented by traditional release testing for API 550 

purity, granule moisture content and tablet appearance, whilst the microbial quality was controlled by 551 

cGMP (Table 2). 552 

6.2 Use	Case	from	Eli	Lilly	553 

A feed frame PAT tool was developed and deployed at Lilly to enable real-time determination of API 554 

concentration in the final blend for a CM process of a drug product. The PAT tools here refer to a 555 

spectroscopic tool capable of measuring API concentration in the powder format. The main driver to 556 

choose the feed frame as the sampling location is its representativeness of content uniformity on 557 

individual solid dosage forms. For late-phased assets, an off-line feed frame table was developed to collect 558 

calibration spectra in order to mimic the dynamic powder movement inside feed frame without running 559 

the entire CM line to save on material and resources. The subsequently developed PLS model is then used 560 

to serve as a real-time accept/reject tool to assure the product quality. Given the unique location of feed 561 

frame and its representativeness for content uniformity, such a tool can be naturally upgraded to replace 562 

routine content uniformity release testing on tablets. For early-phase assets, a lean modelling routine (Shi 563 

et al., 2019) was developed to determine real-time API concentration at the same location without using 564 

a full quantitative DoE-based calibration data set. The value added of such a lean tool was to provide 565 

process understanding in early R&D, perform real-time accept/reject and assure the product quality on 566 

the clinical trial (CT) batches. No RTRT on content uniformity has been investigated for releasing those 567 

clinical trial materials. 568 

In general, an RTRT approach for content uniformity must statistically ensure compliance with USP <905> 569 

requirements (USP, 2011). This was addressed by developing a process control strategy that ensures 570 

collection of tablets within pre-defined tablet weight limits and API concentration (mixing homogeneity) 571 

limits in the feed frame (Table 3). This approach triggers automated removal of suspect tablets outside 572 

these limits via the tablet press discharge chute. In order to meet the USP content uniformity 573 

pharmacopeia requirements, a high percentage of the dosage units must be within 85% to 115% of label 574 

claim (Bergum, 2015). Pre-defined limits can be adjusted to ensure dosage units are within 85% to 115% 575 

of label claim providing assurance that the USP Content Uniformity requirements are met. This RTRT case 576 

has been accepted as part of a control strategy in multiple markets. The two specific elements of the 577 

control strategy contributing to this assertion are the following: 578 

1. The tablet press control strategy makes product collection decisions on 100% of the tablets 579 

based on the individual tablet main compression force value. The individual main compression 580 
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force limits will be set to collect tablets within the desired tablet weight control limits (Manley 581 

et al., 2019). 582 

2. The feed frame NIR concentration control strategy ensures collection of tablets when the 583 

predicted API concentration in the tablet press feed frame is within predefined limits. 584 

The example in Figure 5 has individual tablet weight limits set at 95 – 105% of target (y-axis) and drug 585 

substance concentration limits of 90 – 110% (x-axis). The black contours are the resulting label claim and 586 

are a function of the tablet percent of target weight and the percent of theoretical concentration. 587 

7. Discussion	and	Future	Perspective	588 

The value of RTRT for pharmaceutical manufacturing was demonstrated in this paper by the review of 589 

existing literature as well as by introducing new case studies. It was shown that tests for identity, assay 590 

and content uniformity are well established, whilst more challenging applications supporting tablet 591 

dissolution (e.g. dissolution models, tablet porosity tests) are also being tackled. These RTRT’s achieve 592 

high sampling frequencies supporting the evaluation of both intra- and inter batch variability, hence 593 

increasing quality assurance. The high speed of these tests improves manufacturing efficiency by 594 

accelerating batch release and by increasing process flexibility. The latter is achieved by optimising 595 

process operations based on real-time quality insights, e.g. fine tune process parameters based on models 596 

underlying RTRT, divert non-confirming material to waste based on real-time quality reading instead of 597 

discarding entire batch after completion. Although accurate quantifications for low dose formulations or 598 

moving materials remain challenging, the wide range of published PAT applications indicates that RTRT 599 

can be implemented routinely to monitor all CQAs. An RTR approach reduces production times and costs 600 

significantly by eliminating the need for end-product testing partially or completely but requires more 601 

maintenance for supporting PAT equipment and models. This requires a capability shift at pharmaceutical 602 

manufacturing plants increasing the number of PAT and modelling specialists. Once fully established, 603 

routine RTRT can drive performance-based control strategies as introduced in ICH Q12. 604 

Remaining hurdles with regards to further establishing and growing the application of RTRT in industrial 605 

practice considering technical, logistical, management and regulatory challenges are described below. 606 

7.1 Technical	Aspects 607 

On the technical side, there is a continued need for highly sensitive and fast analytical sensors that are 608 

capable of sampling a significant and well-defined volume of powder or dosage form to make reliable 609 

non-destructive measurements of API content in low dose tablets as well as mechanical and structural 610 

properties. In particular, granule and tablet porosity are CQAs which have a direct impact on the in vitro 611 

dissolution kinetics of tablets (Desai et al., 2016; Markl et al., 2018b; Markl and Zeitler, 2017; Quodbach 612 

and Kleinebudde, 2015). These structural properties are primarily introduced by the manufacturing and 613 
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hence minor variations in the process and environmental conditions can cause a significant change in 614 

granule and tablet porosity (Markl et al., 2018c, 2017a). Although progress has been made in developing 615 

new methods for measuring tablet porosity (Markl et al., 2018b, Svensson et al., 2007), it will take some 616 

time to bring these technologies from a research environment into an industrial setting.  617 

7.2 Operational	Aspects	618 

Key challenges are to maintain the accuracy and precision of the sensor equipment during process 619 

conditions and over long periods (years). Small changes in hardware can invalidate the registered 620 

calibration model and hence require an update. The risk from this aspect is reduced by selecting suitably 621 

robust and well-established methods with a proven track record in quality control.  622 

From a logistical and management perspective, the implementation of RTRT requires more PAT and 623 

modelling experts to be available at manufacturing sites to support the equipment and models that are 624 

at the core of the present approach. This causes particular difficulties when transferring such a method 625 

from one manufacturing site to another if manufacturing is shifted to a different facility or if additional 626 

processing sites are required due to supply chain considerations. 627 

Furthermore, the models typically require frequent updates as a result of additional variability in the raw 628 

material, that is not easily foreseen during development, but is only emerging with time when suppliers 629 

change or simply due to fluctuations in the process or starting materials. Additional sources of variability 630 

are instrument instability (e.g. drift over time), adaptations to process equipment or the process itself. 631 

While the frequency of model maintenance can be greatly reduced by carefully optimising the model 632 

robustness during development, it cannot be avoided altogether. One strategy to overcome this challenge 633 

could be the automation of model calibration and validation to reduce the resources required from expert 634 

personnel. This approach would benefit from support from the regulatory authorities by facilitating 635 

suitable post-approval changes for models. 636 

One of the consequences following the implementation of RTRT is that the higher sampling frequency in 637 

quality testing increases the amount of data that needs to be processed, stored and curated. Suitable 638 

solutions need to be developed and refined that accommodate all requirements with regards to data 639 

integrity, traceability of quality data, data storage and associated logistics. 640 

From a risk management perspective, a contingency plan is required to mitigate against the failure of the 641 

sensor systems that are in place to ensure RTRT. A potential fallback position is to revert to traditional 642 

quality testing as a contingency, but implementing parallel method into the RTRT framework may be a 643 

more desirable option. 644 
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7.3 Regulatory	Aspects	645 

Since the introduction of PAT in the pharmaceutical industry, the pharmaceutical companies, together 646 

with the three central regulatory bodies, have devoted a tremendous amount of resource to improve the 647 

quality of medicines through PAT and RTRT. Whether and how far this transformation of pharmaceutical 648 

processing can advance in the coming decade will depend mainly on overcoming the hurdles discussed in 649 

this section. The rewards from adopting this technology both in terms of reduced waste, and in turn 650 

reduced manufacturing costs, as well as the improved quality of medicines on the market, are reason 651 

enough to enthusiastically continue to push for broader adoption of this approach in the pharmaceutical 652 

industry. 653 

Currently, the level of detail subjected to regulatory changes for spectroscopic applications are often 654 

higher in comparison with traditional analytical testing procedures. Most common, low-risk model 655 

updates, for example, require prior approval which can be prohibitive for RTRT applications as processing 656 

would need to be paused until regulatory approval was obtained. Given that agile model maintenance is 657 

critical for real-time in-process control and release applications, the general principle should be that 658 

method and model maintenance of PAT methods are handled within a company’s internal pharmaceutical 659 

quality system. The European Federation of Pharmaceutical Industries and Associations (EFPIA) proposed 660 

a more flexible approach in June 2018. Currently, the regulatory framework is still developing actively 661 

alongside the industrial adaptation of RTRT. Given that the EMA is revising its NIR addendum to reduce 662 

the variation reporting category, it appears not unreasonable to assume that the regulatory expectation 663 

on model lifecycle management is gradually merging with the trend of established conditions as outlined 664 

in ICH Q12. Such a development would be highly desirable from a PAT practitioners' standpoint since it 665 

would ultimately give the autonomy of model lifecycle management to the local manufacturing site as 666 

soon as the established conditions are satisfied.  667 

Lack of harmonisation with regards to regulatory expectation presents a pivotal challenge to the more 668 

widespread adoption of RTRT moving forward. The FDA, EMA and PMDA have pioneered and lead the 669 

approval of PAT and RTRT for medicine manufacturing and have developed suitable mechanisms to 670 

support the sustained use of PAT and RTRT, such as the EMA's notification tool (do and then tell) 671 

compared to the traditional approval mechanism (tell, approve and then do), hence preventing extensive 672 

manufacturing pauses awaiting regulatory approval for a model update. For the regulatory authorities in 673 

the rest of the world, the level of engagement and degree of openness is less clear. Further harmonisation 674 

and wide adoption of the regulations developed by the agencies mentioned above would be highly 675 

beneficial also for the remainder geographic regions. In this context, it is essential not merely to update 676 

the regulations to allow the use of RTRT, but also to provide the necessary training for the reviewers and 677 

inspectors to streamline the common technical document (CTD) review and on-site inspection.  678 
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Besides the use of well-established simple sensors to capture physical properties such as temperature, 679 

humidity, pressure and spatial dimensions there is a need for more advanced process sensors to assess 680 

CQAs specific to pharmaceutical products. Optical sensors in general, and spectroscopy sensors, in 681 

particular, have been at the core of RTRT developments in the pharmaceutical industry. In that regard, 682 

there is typically a preference to opt for a conservative choice from the available sensor technologies 683 

(such as NIR, Raman and light scattering methods) to mitigate the risk of sensor failure or unreliable 684 

readings. This is a sensible and pragmatic choice but one that can ultimately result in missing out on 685 

opportunities for better quality testing through emerging, more advanced, technologies. In the authors’ 686 

opinion, the present regulatory context is unfavourable for the adoption of new sensor technologies as 687 

part of the lifecycle management of a product manufactured under RTRT. It is therefore essential to 688 

maintain an open mind in implementing novel approaches in terms of sensor technology platform, data 689 

processing and model building approaches during the development of new products instead of merely 690 

adopting 'tried-and-tested' methods from previous products when developing RTRT solutions in existing 691 

process facilities. 692 

Regulatory agencies encourage the pharmaceutical industry to seek their scientific advice at an early stage 693 

of the development or adoption of new technologies. Pathways for the industry to interact with the 694 

regulatory agencies can include the request of written guidance as a response to a set of questions or the 695 

arrangement of face-to-face meetings between the two parties. For example, FDA's Emerging Technology 696 

Program can be used to request either a pre-submission or a regulatory submission interaction with the 697 

Emerging Technology Team (ETT). This interaction can be utilised to discuss a novel or impactful product 698 

technology (e.g. new dosage form), manufacturing process (e.g. novel manufacturing process) or control 699 

strategy technology (e.g. PAT enabled IPC and RTRT). The ETT typically responds to questions from the 700 

industry in the form of a written guidance and/or a face-to-face meeting. The interaction with the ETT can 701 

also include a Pre-Operational Visit (POV), where FDA reviewers visit company facilities (e.g. commercial 702 

manufacturing facility) to discuss every aspect of the common technical document (CTD) including PAT 703 

enabled IPC and RTRT. Such interactions do not only allow the industry to increase their understanding of 704 

the regulatory agency's expectations, but also facilitate the learning of a regulatory agency about the new 705 

technology. 706 
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APPENDICES	710 

APPENDIX	A:	Definitions	711 

Pharmaceutical control strategy A pharmaceutical control strategy describes the methodology that 

is put in place to ensure a process stays in a state of control 

throughout the operation and thus ensuring product quality (ICH, 

2007).  

Analysis method A method is considered as the whole system which could include 

the measurement instrument, data processing steps, quantitative 

prediction of a CQA and the control decision of the Critical Process 

Parameter (CPP) for Level 3. Often methods have a staged life cycle: 

Stage one collects data to build models, stage two adds the real-

time prediction, and stage three is the on-going maintenance of the 

method/model on a performance basis. As a result, these methods 

do not only require qualified equipment but also that the methods 

must be validated according to the guidelines set out in 'ICH Q2 (R1) 

Validation of Analytical Procedures: Text and Methodology' (ICH, 

1995). An equipment is considered qualified if it is described and 

maintained under the pharmaceutical quality system (PQS), which 

means that there will be a pre-approved protocol, execution and 

qualification report including protocols for use, maintenance (user 

level) and periodicity of requalification.  

Primary method Methods that are used to make quality-based control decisions 

(Vogt and Kord, 2011). 

Parallel method The concept of a parallel method can be implemented to confirm a 

primary (RTRT method) has made the correct decision. Parallel 

methods do not make the control decision. 

Quality risk management A systemic process for the assessment, control, communication and 

review of risks to the quality of the drug (medicinal) product across 

the product lifecycle (ICH Q9, 2015). 

Critical quality attribute “A CQA is a physical, chemical, biological, or microbiological 

property or characteristic that should be within an appropriate 
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limit, range, or distribution to ensure the desired product quality.” 

(ICH, 2009) 

APPENDIX	B:	Pharmaceutical	Control	Strategy	712 

B.1	Level	3	Control	Strategy	–	Recipe	Control		713 

For processes running under recipe control, the control strategy ensures that the process stays within an 714 

acceptable range (delta) for all process control parameters, followed by using 'end of line testing' to 715 

ensure the product has reached the desired quality. Although this is the most straightforward approach, 716 

there is little forward flexibility to operate the process. This type of control strategy does not require or 717 

benefit from an approved multivariate process space (Design Space, or DSp) and relies on 'end of line 718 

testing' to confirm product quality. Such testing needs to be carried out at a statistically representative 719 

frequency or spatial location to ensure any perturbation in the process is caught. In CM, the residence 720 

time distributions of the process streams need to be well established as a minimum process 721 

understanding at least at the level of the unit operations.  722 

B.2	Level	2	Control	Strategy	–	Pharmaceutical	Control		723 

A step up in complexity is the Level 2 Control Strategy, often referred to as pharmaceutical control. Here 724 

all critical unit operations have an approved DSp while non-critical unit operations remain under recipe 725 

control. The approved DSp is described by the relationship between critical process parameters (CPP), 726 

which represent the multivariate operating space that ensures the final product outputs remain within 727 

acceptable quality limits. Action limits on the CPP are then defined and set to ensure that the process 728 

remains within the approved DSp. In addition, chemical, physical, biological and microbiological attributes 729 

of inputs, intermediates and outputs are monitored to demonstrate state of control.   730 

B.3	Level	1	Control	Strategy	–	Engineering	Control		731 

The highest level of control strategy takes the approved DSp and prediction models from Level 2 and also 732 

applies automated controllers. As a result, model predictive control is achieved for the process, and with 733 

that, it is possible to actively steer the process to different conditions within the DSp to achieve and 734 

maintain the desired product quality. It is worth noting that in order to achieve Level 1 control, typically 735 

process models are required. Given the reduction in uncertainty in the predictions that can be achieved 736 

through the before-mentioned models, it can be justified to no longer require parallel methods in Level 1 737 

control.  738 

It is worth noting that a continued or on-going process verification plan always needs to be in place to 739 

capture the performance of the DSp, the primary and parallel methods (to trigger method maintenance) 740 
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but also to verify the initial criticality assessment in order to ensure non-critical process steps do not 741 

transition to critical during the life-cycle of the product.  742 

APPENDIX	C:	Summary	of	Literature	743 
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Figure Captions 1136 

Figure 1: Process flow diagram for direct compression, dry granulation and wet granulation highlighting 1137 
the points of testing and properties of interest. S01 – S09 refer to points of testing (sensor positions) in 1138 
the process line. Red text refers to CQAs. 1139 

Figure 2: Overview of CQAs and measurement techniques. NIR: near-infrared spectroscopy; Raman: 1140 
Raman spectroscopy; MRT: microwave resonance technology, DFF: drag force flow sensor; PIT: 1141 
photometric imaging technique; AE: acoustic emission; SFV: spatial filter velocimetry; TDS: terahertz time-1142 
domain spectroscopy; HWT: hardness, weight, thickness; TPI: terahertz pulsed imaging; OCT: optical 1143 
coherence tomography; GASMAS: gas in scattering media absorption spectroscopy. 1144 

Figure 3: RTRT development workflow. RTD: residence time distribution. 1145 

Figure 4: Building blocks of the RTR monitoring and control strategy. 1146 

Figure 5: Tablet weight versus API concentration collection limits example. 1147 

  1148 
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Table Captions 1149 

Table 1: Points of testing for powder, blend, ribbons, granules, tablet cores and coated tablets. The sensor 1150 
reference denotes the sensor position in Figure 1.  1151 

Table 2: RTRT use case from AstraZeneca.  1152 

Table 3: RTRT use case from Eli Lilly. The combination of blend and tablet uniformity are used to control 1153 
tablet content uniformity. 1154 

Table 4: Summary of literature of RTRT application in tablet manufacturing. Measurement time: Time for 1155 
individual measurements (integration time and averaging included). R: Reflection; T: Transmission; NA: 1156 
not applicable; NP: not provided; R2: coefficient of determination; Q2: goodness of prediction; RMSE: root 1157 
mean squared error; RMSEC: root mean squared error calibration; RMSEP: root mean squared error 1158 
prediction; RMSECV: root mean squared error cross-validation; SEC: standard error calibration; SECV: 1159 
standard error cross-validation; EIOT: extended iterative optimization technique; NIR: near-infrared 1160 
spectroscopy; Raman: Raman spectroscopy; MRT: microwave resonance technology, DFF: drag force flow 1161 
sensor; PIT: photometric imaging technique; AE: acoustic emission; SFV: spatial filter velocimetry; TDS: 1162 
terahertz time-domain spectroscopy; HWT: hardness, weight, thickness; TPI: terahertz pulsed imaging; 1163 
OCT: optical coherence tomography. 1164 


