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Analytical methods are essential for establishing the quality attributes of 
cell-based products and for monitoring key steps during their production 
process. They also underpin the development of new cell therapy prod-
ucts (CTPs) by providing insight into biological mechanisms of action and 
facilitating the research and development that advances manufacturing. 
Strategies to improve measurement assurance and standards for cell 
therapy products have increasingly been recognized for their critical roles 
in streamlining efforts in R&D, translation, and regulatory submissions. 
Various forums have been created to develop, coordinate, and dissemi-
nate industry best practices and experiences in measurement technol-
ogies and assay development. Discussions are underway within various 
standards development organizations to develop standards to ensure 
quality, improve manufacturing consistency, and provide measurement 
confidence for cell-based products. In this review, we examine the role of 
measurement assurance strategies to identify, minimize, and/or monitor 
sources of variability encountered in measurement processes associated 
with the discovery and manufacturing of CTPs.
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Analytical methods are essential 
for establishing the chemical, 
physical, and biological quality 
attributes of cell-based products, 
and for monitoring key steps 

during their production process. 
Analytical methods also under-
pin the development of new cell 
therapy products (CTPs) by pro-
viding insight into biological 

mechanisms of action and facili-
tating the research and develop-
ment that advances manufactur-
ing. There is a critical need for 
analytical methods that can be 
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used to robustly evaluate and 
compare cell quality attributes 
from different batches of cells that 
have, for example, been produced 
on different days, at different loca-
tions, or via a changed manufac-
turing process. In addition, there 
remains a need for innovative 
methods to monitor complex cel-
lular processes as well as methods 
capable of real time monitoring 
during the manufacturing process 
to better understand the impact of 
process variations and to establish 
manufacturing controls [1].

The need for improved measure-
ment assurance and standards for 
CTPs has been recognized as criti-
cal for streamlining research, trans-
lation, and regulatory submissions. 
Various forums have been created 
to develop, coordinate, and dissem-
inate industry best practices and 
experiences in measurement tech-
nologies and assay development. 
Discussions are underway within 
various standards development or-
ganizations (SDO) to develop doc-
umentary standards that improve 
measurement confidence with an 
eye to ensure the quality and consis-
tency of component materials, man-
ufacturing processes, and products. 
Some of these efforts were discussed 
at the 2014 FDA “Public Workshop: 
Synergizing Efforts in Standards De-
velopment for Cellular Therapies and 
Regenerative Medicine Products,” 

which highlighted the need for 1) 
standards education (i.e., what stan-
dards are and how they can help the 
field), 2) coordination of standards 
development efforts to achieve max-
imum return on investment of lim-
ited resources and to avoid conflicts 
and duplications, and 3) data and 
knowledge to support standards de-
velopment [2].

As a part of the effort to de-
velop better analytical methods 
for cell characterization and to 
generate data that will support 
standards for advancing CTPs, we 
recently described [3] a generalized 
framework for designing and con-
ducting cell measurements that 
consists of the following elements: 
1) clearly defined measurands, 
i.e., what physical property is be-
ing measured that embody quality 
attributes, 2) well-designed mea-
surements that are qualified and 
fit-for-purpose, 3) measurements 
with in-process controls that pro-
vides measurement assurance, and 
4) appropriate documentation, re-
porting, and communication. The 
last element, which is beyond the 
scope of this paper, concerns the 
reporting of data values, associat-
ed scales (often benchmarked to 
known value(s)), and uncertain-
ties as well as evidence for confi-
dence and appropriate metadata 
that collectively enable data com-
parison. The first two elements of 
this framework have been previ-
ously discussed in the context of 
cell counting and cell viability 
measurements [3–5]. Essential-
ly, what has been described is a 
process for defining the quality 
attributes of complex cell prepa-
rations by breaking it down into 
component measurements with 
clearly defined measurands that 
can be confidently measured. In 

ff FIGURE 1
A generalized representation of accuracy and precision
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this report, we examine the role 
of measurement assurance strat-
egies to identify, minimize, and/
or monitor sources of variability 
encountered in measurement pro-
cesses associated with the discov-
ery and manufacturing of CTPs. 
In particular, we discuss elements 
of the measurement assurance 
“tool box” and how they may be 
applied in analytical method de-
sign and application, using cell 
counting as a use case. We con-
clude with a discussion of bringing 
shared experiences, best practices, 
and data into the development of 
documentary standards and refer-
ence materials.

ACCURACY & PRECISION 
FOR CELL MEASUREMENTS 
The concepts of accuracy and pre-
cision can be described as one’s 
ability to hit a target with multiple 
attempts (Figure 1). In this analo-
gy, the ‘true’ value of the biologi-
cal response resides at the center of 
the target.  Ideally, measurement 
results are both accurate and pre-
cise, that is, they reflect the ‘true’ 
attributes of the cells; in practice, 
it may be difficult to obtain high 
accuracy and precision for many 
cell measurements because of 
measurement uncertainties. We 
consider measurement uncertain-
ties to originate from the entire 
measurement process and en-
compass both bias, or systematic 
measurement errors leading to de-
viation from the ‘true’ value, and 
noise, or random measurement 
errors that cause results to vary in 
an unpredictable manner. Noise 
compromises the ability to discern 
real differences among samples, 
while bias reduces accuracy. In the 

worst-case scenario, both accura-
cy and precision are so poor that 
the measurement does not provide 
sufficient discriminatory informa-
tion for confident decision-mak-
ing. For cell measurements, noise 
can be quantified by replicate and 
repeated measurements; howev-
er, accuracy is harder to assess for 
many cell attributes due to the 
lack of ground truth. 

What make quantitative cell 
measurements challenging are the 
complex and highly dynamic nature 
of cells and cell preparations, the 
varying sensitivity of cell type and 
sources to processing steps, and the 
large number of parameters associ-
ated with bioprocessing and mea-
surement processes. Biological vari-
ability complicates measurement 
assurance.  The inherent biological 
differences between different donors 
may result in different samples or 
preparations having different ‘true’ 
values of one or more measurands.  
Furthermore, different donor sam-
ples may have different susceptibili-
ties to processing steps, making the 
need for in-process controls during 
the measurement process even more 
critical. 

To approach confidence in in-
terpretation of the results of cell 
measurements and to enable deci-
sion-making, sources that contrib-
ute to measurement uncertainty 
should be understood, minimized, 
and monitored. Acceptable levels of 
accuracy and precision will be guid-
ed by the biological implications 
of the measurement result and the 
practical limitations of the measure-
ment process; this is the essence of 
‘fit for purpose.’ Establishment of a 
robust measurement process with 
in-process controls will provide 
added confidence that the result 
represents the ‘true’ cell attributes. 
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MEASUREMENT ASSUR-
ANCE TOOLBOX TO  
UNDERSTAND & MANAGE 
SOURCES OF MEASURE-
MENT VARIABILITY FOR 
CELL MEASUREMENTS

Imaging-based cell counting 
as a use-case

Measurement assurance means 
having sufficient confidence in the 
measurement results to make de-
cisions with confidence. Measure-
ment assurance can be achieved 
by a number of strategies. These 
include, but are not limited to, 
validated analytical methods, im-
plemented in-process controls, the 
use of reference materials, and the 
use of experimental design to sys-
tematically examine the quality of a 
measurement process. It is import-
ant to understand the roles of each 
measurement assurance strategy for 

the different steps of a measurement 
process. 

Below we examine a general-
ized automated imaging-based cell 
counting measurement and how 
controls and standards can be used 
to provide more confidence (Fig-

ure  2). The measurement process 
consists of three general steps de-
picted in the green box: 1) sample 
preparation, 2) data collection, and 
3) data analysis. The sample prepa-
ration step may include mixing, 
diluting, and staining of cells us-
ing appropriate reagents, as well as 
sampling and other common pro-
cedures. A commercial “black box” 
automated image-based cell count-
ing instrument is used to collect the 
data. The data analysis step may or 
may not require additional user in-
put for setting parameters such as 
brightness thresholds, cell size, etc. 
It is important to consider upstream 
activities which might impact the 

ff FIGURE 2
An example of a generalized cell counting process that involves an automated imaging device, and where 
potential controls and standards for managing and minimizing sources of variability could be used. 
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reagent sourcing, and sample handling may contribute additional variability to the cell counting process
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measurement process, such as the 
collection of cells and their subse-
quent processing, storage and trans-
portation steps, as well as reagents, 
consumables, and testing kits neces-
sary for this counting measurement 
process. Each step in the process 
may introduce sources of variability 
that can greatly affect the measure-
ment outcome and, as a result, the 
downstream biological implications 
and business decisions. 

Also indicated in Figure 2 are 
various measurement assurance 
tools that can be used to identify 
and minimize sources of variability. 
These lists of controls and standards 
are by no means complete, univer-
sally applicable, or required for all 
cell counting measurement process-
es. Nevertheless, it is immediately 
obvious that no single control or 
standard can assure the quality of 
the entire cell counting measure-
ment process. Instead, multiple 
controls and standards are needed 
to ensure quality at each or several 
steps of the measurement process. 
Some controls and standards are 
intended to be implemented pri-
or to routine measurements, while 
others are meant to serve as in-pro-
cess controls or comparators during 
measurement of the samples. 

Formal documentary standards 
play a variety of roles, such as defi-
nition of terms, describing a specific 
analytical method with or without 
specific requirements, delineating 
explicit requirements for certifica-
tion, defining the requirements of 
a quality management system, con-
formity assessment, or proficiency 
testing. Some documentary stan-
dards may invoke the use of a refer-
ence material.  Note that reference 
materials are sometimes referred to 
as standards, such as NIST Stan-
dard Reference Materials (SRMs), 

which are highly qualified materi-
als with certified reference values 
and uncertainties. Not all reference 
materials need to be of the highest 
qualifications.  Fit for purpose refer-
ence materials can be developed in-
house, such as reference cells from 
an internal master cell bank. 

Measurement assurance in 
the development of analytical 
methods 

The selected analytical method for 
the measurement of the intended 
cell attribute should be qualified 
and validated. Qualification studies 
should include measurements that 
establish assay sensitivity, limits of 
detection (LoD), linearity or pro-
portionality of response, specificity, 
accuracy and precision, and robust-
ness and sensitivity to experimental 
parameters. Design of experiment 
(DOE) can be used to identify the 
sensitivity of the assay to changes 
in experimental parameters, such 
as enzymatic treatment and reagent 
source. As a systematic approach, 
DOE can help to establish the ac-
ceptable range of assay performance 
metrics beyond which the assay 
performance may become question-
able. Working within the accept-
able performance metrics provides 
additional confidence of the assay 
performance.  

In the image-based cell counting 
use case presented here, several pre-
liminary studies may be conducted 
to select and optimize a procedure 
that is most appropriate for the in-
tended use.  Clear identification of 
the measurand is critical to opti-
mizing a procedure.  A number of 
measurands may be components of 
a particular quality attribute.  For 
example, to determine the count of 
viable cells, the actual measurand 
may be the detection of dye inside 
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of cells.  Alternatively, the mea-
surand may be considered to be 
‘the number of cells that have been 
fluorescently labeled with a dye that 
is excluded from cells with intact 
membranes ’ divided by  ‘the to-
tal numbers of cells fluorescently 
stained by a dye that stains all cells’. 
A sensitivity analysis, perhaps using 
DOE, can reveal the importance 
of parameters of the measurement 
system to the measurement result.  
These parameters may include the 
limit of detection of the dyes, spa-
tial resolution, spectral specificity, 
or the ability of algorithms to dis-
criminate between particles of dif-
ferent sizes.   Studies of robustness 
to measurement variables such as 
inter-operator variability, inter-de-
vice variability, inter-day variability, 
inter-batch variability can be con-
ducted.  Ultimately, a set of speci-
fied measurement conditions under 
which a reliable cell counting mea-
surement is expected can be deter-
mined and codified in an SOP.      

Reference materials 

Reference materials can serve to 
assure various aspects of a measure-
ment process. Reference materials 
can provide instrument-to-instru-
ment comparability, calibrate a 
measurement, validate a part of or 
a complete measurement process, or 
provide traceability of an analytical 
value. They may also serve to qual-
ify the correct operation of an in-
strument and software.  

A reference material may be bi-
ological or non-biological in nature 
and may be associated with a ref-
erence value determined through 
rigorous measurement processes 
and/or orthogonal measurement 
methods.  For example, a bead ref-
erence material designed to serve 
as a calibrant may have a reference 

value for the bead diameter mode, 
or a reference values for the concen-
tration range. Specific use of a refer-
ence material in cell counting may 
include beads with a reference con-
centration for instrument quality 
control, beads with a reference size 
distribution to verify microscope 
focus, or a cell-based reference ma-
terial to verify multiple steps of a 
measurement process.  A reliable 
reference material is at minimum 
validated to be homogeneous and 
stable over the time of intended use.

Inert reference materials such as 
polymeric beads are commonly used 
as surrogates for cells in many cell 
measurements.  Inert reference mate-
rials can have advantages over biologi-
cal reference materials in that they can 
often be more stable and more homo-
geneous, better withstand analysis by a 
range of orthogonal methods, and be 
more resistant to degradation during 
the handling and measurement pro-
cesses.  Because of these properties, 
they provide an excellent immutable 
reference for instrument response. 
On the other hand, depending on 
the measurand, such materials may 
not embody the necessary biological, 
optical, and other properties of cells.  
For example, testing the sensitivity of 
cellular integrity to various handling 
steps in an assay protocol will un-
doubtedly require a cellular reference 
material. Such shortcomings might 
necessitate the development of in-
house cell based reference materials to 
assess the performance of a cell count-
ing measurement process. Since cells 
are less homogeneous and stable than 
immutable inert materials, additional 
qualification steps will be needed to 
assure the reliability of these reference 
materials.   

Biological reference materials can 
be useful for evaluating the pre-pro-
cessing steps of a measurement as well 
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as some aspects of the measurement 
and data analysis steps.  Cell based 
reference materials are challenging to 
develop and certify because of their 
complex nature and instability. A 
few cell-based reference materials do 
exist, such as the lyophilized CD34+ 
Cell Enumeration System Suitability 
Reference Standard from USP and 
other suppliers [6].  This reference 
material is based on several years 
of highly technical measurements 
[7], and thus illustrates the effort 
required to produce such reference 
materials. The fabrication of a stable, 
homogeneous reference material for 
every measurement of interest may 
be impractical, but the development 
of multipurpose cells may be equally 
challenging. Even more challenging 
would be the development of living 
cells that would constitute a refer-
ence material because the consisten-
cy of the relevant properties of such 
a material would likely have to be 
validated with every use.  

A reference material and its asso-
ciated reference values may only help 
to qualify or verify a specific aspect 
of the measurement. Over-interpre-
tation of the results from a reference 
material may lead to a false sense of 
confidence for the analytical meth-
od. For example, beads with refer-
ence count can only assure that the 
instrument is performing with spec-
ification and does not provide suffi-
cient confidence for the instrument’s 
ability to count cells that may “look” 
very different from the beads; like-
wise, reference beads that are intend-
ed to verify the appropriate focus in 
an imaging cell counting instrument 
cannot verify the appropriate image 
analysis parameters needed to dis-
criminate cells from debris. 

Establishing confidence in cell 
counting in the absence of a 
reference material 

Generating a universal cell refer-
ence material that would embody 

f f TABLE 1
Examples of in process controls for an automated imaging cell counting measurement 
process.

Aspect to be 
validated

Specific concerns In-process control Specifications 

Reagent quality Reagents are free of contami-
nants and precipitants

Running a reagent 
only control

Object count and object 
size distribution are with-
in specification for a no-
cell control experiment

Image back-
ground intensity 
and distribution

Imaging chamber is clean and 
illumination is even across 
image to ensure proper image 
analysis 

Review of raw 
image data

Raw image background 
intensity is within 
specification

Object spatial 
distribution

Flow into the imaging cham-
ber is unobstructed

Review of pro-
cessed image data

Objects are distributed 
randomly and within 
specification 

Object size 
distribution

No large aggregates or small 
debris

Review of pro-
cessed image data

Object sizes are within 
specification

Camera focus/ 
magnification 

Image is in focus and magnifi-
cation is correctly set  

Running a con-
trol material with 
known size

A control material of 
known size is within 
specification
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the characteristics of many different 
cell types, and be appropriate for 
assessing measurements from differ-
ent kinds of instruments, is highly 
challenging.  Different cell types 
of interest to this field have differ-
ent optical properties, sizes, shapes, 
tendencies to generating debris; 
and a variety of methods are used, 
which include fluorescence, bright 
field, and other optical methods, as 
well as electrical/impedance meth-
ods.  In response to this challenge, 
we have recently shown that an 
experimental design and statistical 
analysis framework can be used to 
evaluate the performance of a cell 
counting measurement process for 
any method or cell type based on 
the fundamental concept of propor-
tionality as an internal control [8].   
Quantitative metrics are generated 
and can be used for assay selection, 
optimization, or comparison.  This 
is not a method that provides an 
assessment of absolute accuracy, be-
cause it does not totally rule out bias 

that scale with dilution.  However, 
it does allow comparison of meth-
ods for relative accuracy and preci-
sion, thus providing confidence in 
the selection of a counting method.  

In addition, strategies to assess 
accuracy may include the use of or-
thogonal methods and comparing 
results from different laboratories 
through inter-laboratory compar-
ison studies. These approaches can 
help to uncover bias and establish-
ing confidence in the accuracy of 
the result.  

In-process controls for the 
measurement process 

Confidence in a measurement en-
tails insuring that the measurement 
system is operating as expected.  
Even when a measurement process 
has been optimized and validated, 
the performance of each measure-
ment can be monitored by in-pro-
cess controls to assure that the 
measurement has not been com-
promised by unanticipated changes 

ff FIGURE 3
General overview of the measurement process, key steps, sources of variability and controls.

Well-designed measure-
ments that are qualified 

& fit-for-purpose

Clearly defined measure 
that embodies quality 

attribute

In-process controls that 
provide measurement 

assurance

Appropriate documentation, 
reporting & communication

Sample collection

Storage/
transportation

Generalized 
framework

Measurement 
process

Sources of
variability

Controls & 
Optimization

Sample preparation

Biological sample

Reagents & 
consumables

Measurement 
device/instrument

Environment

Operating 
procedure

Data analysis 
procedure

Non-biological 
reference materials

Biological reference 
materials

Charting

Qualification & 
validation

Re-evaluation/
improvement

Measurement/Data 
collection

Data analysis



expert insight 

671Cell & Gene Therapy Insights - ISSN: 2059-7800 

in measurement components and 
conditions such as reagents, tem-
perature, operator, etc.  In-process 
controls can be measurements that 
are conducted at different steps 
during the measurement process.  
Charting of monitored results over 
time provides expectations and 
specifications for measurement re-
sults.  Table 1 provides some exam-
ples of in-process controls for the 
automated imaging cell counting 
use case presented here. In this 
example, several in-process con-
trols can be derived directly from 
the image data already collected 
from the instrument, such as im-
age background, object diameter, 
extent of aggregation, or spatial 
distribution of objects.   Although 
these image attributes may not be 
the final measurand of interest (i.e., 
total cell count or viable cell count) 
used in evaluating the biological 
attribute, they can provide key 
information on the status of the 
measurement itself.  In some cases, 
in-process controls may require the 
use of an additional experiment or 
control material to monitor a spe-
cific aspect of the measurement. 

A SYSTEMATIC APPROACH 
TO MEASUREMENT  
ASSURANCE & STANDARDS 
Concepts illustrated in the above 
cell counting example can be gener-
alized for other cell measurements.  
A generalized framework is shown 
in Figure 3, which includes the el-
ements of measurement assurance 
discussed earlier, as well as aspects 
of the measurement process, the 
sources of variability, and controls 
and standards. Once clearly defined 
measurands have been established, 
and fit-for-purpose measurements 

and assays have been identified, 
the measurement process can be 
broken down into three key steps 
as depicted in the 2nd column of 
Figure 3: 1) the sample preparation 
procedure prior to the measure-
ment, 2) data collection, and 3) 
data analysis. As noted earlier, sam-
ple collection, storage, and trans-
portation do not fall under the 
measurement process per se, but 
steps to implement these processes 
are known to influence the cell at-
tribute.  Some sources of variability 
are shown in the third column of 
Figure 3. Sources of variability are 
sometimes further dissected and 
displayed using an Ishikawa or 
fishbone diagram to evaluate the 
effects of measurement parameters 
on measurement results [9].  Iden-
tifying the parameters that are the 
most important sources of variabil-
ity, and determining the range over 
which the parameters can vary but 
the result is robust, can be deter-
mined with design of experiment.  
A good example is the process to 
minimize variability in measuring 
the MTS cell metabolic activity as-
say through design of experiment 
[9]. Cell attributes are often the 
result of a complex aggregate of 
many parameters that may vary in 
a non-linear fashion.  Identifying 
and controlling all the sources of 
variability in a biological measure-
ment may be impossible. Design of 
experiment can help to establish a 
set of limits within which an ana-
lytical method can be robust and 
will likely return a reliable val-
ue for assessing the intended cell 
attribute. 

While reference materials and 
standards are important in mea-
surement assurance, few have been 
explicitly developed for cell thera-
py products thus far.  Recognizing 
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this need, efforts are underway to 
develop international documentary 
standards and reference materials 
for CTPs. Within ISO/TC 276: 
Biotechnology, various topics rel-
evant to bioprocessing are under 
development, with the aim of assur-
ing the quality and consistency of 
CTPs; control of ancillary materi-
als, equipment, and transportation, 
are among the topics being consid-
ered for documentary standards. 
In addition, general considerations 
for cell measurements, and specific 
standards for cell counting are un-
der development. Other relevant 
standards for CTPs exist or are un-
der development within other orga-
nizations, industry, and professional 
consortia [2].

TRANSLATIONAL INSIGHT
Establishing acceptable levels of ac-
curacy and precision for measure-
ments of cell attributes is necessary 
for confident decision making. Here, 
we show a process for thinking about 
how to identify, minimize, and/or 
monitor sources of variability by sys-
tematically determining where and 
how to apply measurement assur-
ance strategies. This process is ideally 
informed by a deep understanding 
of the biological implications of the 
measurement result and the limita-
tions of the measurement process. 
Through a generalized image-based 

cell counting measurement, we show 
how controls and standards, includ-
ing reference materials, in process 
controls, the use of experimental 
design, and qualified and validated 
SOPs may be used to instill mea-
surement confidence. This general 
framework is applicable to a broad 
range of cell measurements and 
should facilitate the development of 
consensus standards and reference 
materials for CTPs. 
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