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Assay quality metrics have been used in various high-throughput screening (HTS) campaigns to indicate assay
quality. Z’-factor has become one of the most widely used metrics, along with other metrics such as standardised
mean difference (SSMD). In using these metrics, it is important to understand how these metrics can be impacted
by the separation between control groups (indicated by the HZ ratio) and the coefficient of variation (CV) within
each control group. In this paper, several mathematical equations have been derived to understand the relation-
ship between assay quality metrics (such as Z’-factor and SSMD) and control group datasets (summarised by

CV and HZ). These equations increase our understanding of the factors that improve assay quality metrics, thus
providing a quantitative means to visualise how affecting control groups can impact assay quality metrics.

1. Introduction

Maintenance of assay quality in assay development is crucial in en-
suring success in high-throughput screening (HTS) campaigns in hit dis-
covery programmes. The use of assay quality metrics is important to
ensure that the assay is capable of providing robust information on
the compound activity. Consequently, a high-quality assay should en-
able the user to identify compounds with significant biological activity
(‘hits’) confidently. This is important as compounds are usually tested
once in a primary screening stage in HTS campaigns.

There are several assay metrics which have been used historically
in HTS campaigns. Previously, signal-to-noise (SN) ratio and signal-to-
background (SB) ratios have been used to determine assay quality. Al-
though SN and SB are used interchangeably, there is a subtle differ-
ence between the two. SN originally refers to the ratio of the difference
between the mean signal and mean background to the standard devia-
tion of the background. In the context of positive and negative control
groups, SN can refer to the ratio of the difference of the mean difference
of two control groups to the standard deviation of the negative control
group. SB, on the other hand, refers to the ratio of the mean signal to
the mean background. While these metrics are simple, SN only consid-
ers the variability in the background, while there is no consideration of
variability in SB.

Other metrics have been proposed to measure assay quality more
comprehensively by considering the variability of the control groups
and the extent of separation between the control groups. Sittampalam
et al. proposed the concept of signal window (SW) which takes the ra-
tio between the distance from the upper noise limit of one group to the
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lower noise limit of another group and the standard deviation of the neg-
ative control group.[1] Zhang et al. developed the concept of a signal
window by dividing the distance between the two groups (now defined
as separation band) by the difference of means between the two groups,
thus introducing the concept of the Z-factor.[2] The Z’-factor is an ex-
tension of the Z-factor by utilizing the means and standard deviations of
the positive control group (y.,and o, respectively) and negative control
group (u,._and o,_ respectively):

Z/ — 1 _ 3(0-C+ + O—L‘—)

|”c+ - ”c—|

Since its conception, the Z’-factor has been used extensively as an
assay quality metric in HTS campaigns. The utility of the Z’-factor has
been studied, with analysis suggesting that Z’-factor is a good assay met-
ric compared to SW.[3] Although it is widely accepted that a Z’-factor
of 0.5 is required for an assay to be deemed acceptable, the value of
0.5 was determined by convention rather than a theoretical basis. As
such, there is an argument for the possibility of accepting assays with a
Z’-factor less than 0.5 under certain circumstances.[4]

The Z’-factor is strictly an assay quality parameter, hence it does
not quantitatively identify the number of hit compounds in a HTS cam-
paign.[5] To overcome this point, Sui and Wu link power calculation
with Z’-factor.[6] Additionally, another assay quality metric has been
proposed known as strictly standardised mean difference (SSMD).[7]
Originally used in RNA interference (RNAi) HTS campaigns, this metric
was argued to be more theoretically sound than Z’-factor.

Regardless of the choice of the assay quality metric, it is important
to understand how variables can impact the chosen metric. It is safe to

Received 6 October 2022; Received in revised form 10 February 2023; Accepted 13 February 2023

Available online 24 February 2023

2472-5552/© 2023 The Author. Published by Elsevier Inc. on behalf of Society for Laboratory Automation and Screening. This is an open access article under the

CC BY license (http://creativecommons.org/licenses/by/4.0/)


https://doi.org/10.1016/j.slasd.2023.02.003
http://www.ScienceDirect.com
http://www.elsevier.com/locate/slasd
mailto:astl3@cam.ac.uk
https://doi.org/10.1016/j.slasd.2023.02.003
http://creativecommons.org/licenses/by/4.0/

A. Lim

Table 1

SLAS Discovery 28 (2023) 203-210

The definition of HPE and ZPE is independent of the ratio between HPE and ZPE, using an example of a kinase inhibitor project and its possible assays.

ATP + Substrate — ADP + Phosphorylated substrate

Assay kit to measure activity Kinase-Glo® (luminescence)

ADP-Glo™ (luminescence) Transcreener® ADP2 FP (TR-FRET)

Mode of measurement

Relative magnitude of HPE (100% inhibition) signal High
Relative magnitude of ZPE (untreated) signal Low
Ratio HPE/ZPE >1

ATP depletion (substrate depletion)

ADP formation (product formation) ADP formation (product formation)

Low High
High Low
<1 >1

assume that changing the variance in each control group and the magni-
tude of separation between the two controls will affect the assay metric.
However, the exact impact of such change has not yet been studied ex-
tensively. So far, the Z-factor and Z’-factor are found to be directly linked
to several assay variables, for example, SB and coefficient of variation
(CV) [6] and newly-defined assay coefficient of variation (CV,) [3]. The
use of CV, which is defined as the ratio of the standard deviation of the
maximum signal control to the difference of the mean between the two
controls summarises the combined CV of both control groups, but can-
not be broken down into its constituent CVs for each control group.

Understanding the impact of each control group on assay quality
metrics is beneficial in the assay development process, where the user
might be interested to know if changing the variance of one control
group over the other would impact the assay quality metric more. In
addition, it is also worth knowing to what extent an increase in the
separation window between the two control groups improves the assay
quality metric.

To do so requires a breakdown of assay quality metrics into their
assay parameters for each control group. This includes the CVs of each
control group and a measure of signal separation between the two con-
trol groups. In this study, I begin by clarifying some terms and defining
some assay variables, and then I proceed to express two assay metrics,
namely Z’-factor and SSMD, using these variables while considering two
different scenarios — equal CVs for both groups and different CVs for each

group.

2. Methods and results
2.1. Definition of terms and concepts

There are several concepts and terms which require definitions and
clarifications. First, I would like to introduce the concepts of one hun-
dred per cent effect (HPE) and zero per cent effect (ZPE). Most of the
current discussion around assay design revolves around the terms posi-
tive control (PC) and negative control (NC). For the clarity of the argu-
mentation, I would like to use the terms HPE and ZPE to denote the set
of controls that gives a hundred per cent effect and zero per cent effect
respectively in the assay. The said effect is linked to the aims of the as-
say. For example, in an inhibitor discovery project, the HPE refers to the
fully inhibited controls while the ZPE refers to the untreated controls.
On the other hand, in an agonist discovery project, the HPE refers to
the fully stimulated controls while again the ZPE refers to the untreated
controls. By using HPE and ZPE, one can surmise that ZPE would al-
most always refer to the untreated controls while HPE refers to controls
treated pharmacologically with a tool compound.

One concept that can be taken for granted in the discussion of as-
say quality is the ratio between the two sets of controls. While SB refers
to the ratio of the mean signal to the mean background, in assay de-
velopment this is often translated to the ratio between the mean of the
positive controls (as mean signal) and the mean of the negative controls
(as mean background). However, it should be noted that in most cases,
especially in engineering, the SB ratio usually implies that the signal has
a greater magnitude than the background noise and therefore SB ratio is
greater than one. This notion of the signal being greater than the back-
ground noise may lead to the conception (or misconception) that the SB
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ratio is simply the ratio between a large number and a small number
and as such can only be greater than one.

However, in assay design, the assumption that HPE (or positive) con-
trol has a greater signal than ZPE (or negative) control is not necessar-
ily true. Previously, it was suggested that assays can be classified based
on the raw signal used to characterise biological activity, for example,
an activation assay whereby a compound increases the raw signal and
an inhibition assay whereby a compound decreases the raw signal.[1]
However, the notion that the increase in raw assay signal is exclusively
linked to an activation assay and vice versa is not necessarily true.

The ‘directionality’ of the assay can go either way, increasing or de-
creasing, independent of the biological activity. For example in a kinase
inhibitor project, one can design an assay based on substrate depletion
(monitoring consumption of ATP) or product formation (monitoring for-
mation of ADP). The HPE and ZPE controls in both assay designs are
the same, whereby the HPE controls refer to controls treated with a tool
compound (for example, a known kinase inhibitor) and the ZPE controls
refer to untreated controls (DMSO controls).

Even though the HPE and ZPE controls are the same in both assay
design scenarios, the ‘directionality’ of the assay differs, and as such,
depending on the ‘directionality’ of the assay (increasing signal or de-
creasing signal), the ratio between HPE controls and ZPE controls can
be less than one when ZPE controls have a larger raw signal which de-
creases upon pharmacological treatment. HPE and ZPE are fixed to the
objectives of the assay, and are therefore independent of the ‘direction-
ality’ of the assay, as Table 1 summarises.

To avoid creating confusion on the concept of SB ratio and whether
the SB ratio must be greater than one, I introduce a similar ratio called
HPE to ZPE ratio (abbreviated as HZ in this article). HZ is defined as
HZ = “2

Hz
where uy is the mean of HPE controls and u, is the mean of ZPE con-
trols. By using this definition, HZ can either be bigger than one (when
Hy > py) or less than one (when u, > py). A key assumption in the
formulation of the HZ ratio is that both means are positive values, thus
the HZ ratio is a non-zero positive value.

The coefficient of variation (CV) is the ratio of the standard deviation
to the means:
cv=12

7

The CV has been used as a measure of variability to the mean of the
group. CVs for HPE and ZPE groups, respectively known as CVy and
CVy, are defined based on their respective means and standard devia-
tions of each group:

CVy = H and Cv, = 7z
Hu Hz

The Z’-factor is an assay quality metric used commonly in high-
throughput screening (HTS) campaigns based on the relationship be-
tween the means and standard deviations of the HPE and ZPE groups:

3 (0' HtO Z)
|14H - /42|
It is worth noting that the equation considers the absolute difference
between the means of the controls, thus eliminating any information on
the ‘directionality’ of the assay.

zZ'=1
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Fig. 1. A. Graphical representation of Eq. 1, with the two bounded segments labelled. B. Graphical representation of the effect of HZ on Z’-factor under various values
of CV. C. Graphical representation of the effect of CV on Z’-factor under various values of HZ. Note that the equation is independent of the assay directionality, as
shown in Appendix 1. Additionally, as HZ increases, the CV threshold to satisfy the required Z’-factor approaches I%Z’ D. Graphical representation of the inequality
1b. The shaded region satisfies the condition where Z’-factor > k. All graphs simulated using GraphPad Prism 9.

2.2. Expressing Z’-factor as a function of CV and HZ

Part 1: Assumption of equal CVs in HPE and ZPE

By using the definitions of HZ, CV and Z’-factor, a relationship be-
tween Z’-factor and both CV and HZ can be derived so that the user can
observe how CV and HZ can impact Z’-factor. For clarification, this is
not an attempt to support the use of HZ or CV as a sole assay quality
metric, especially when HZ does not measure variability. Instead, this
exercise provides insight into how impactful modifying HZ and/or CV
can be on improving the Z’-factor in the process of assay development,
especially when an initial pilot study does not indicate a good Z’-factor
and efforts are required to improve the Z’-factor. In that scenario, which
is more important or impactful in affecting and improving Z’-factor - HZ
or CV?

First, by rearranging the Z’-factor equation, we get:

oy+toz _1-2Z
lum = pzl E
Assume that the CV is the same for HPE and ZPE, i.e.
oH _
E =
CVuy +CVu, 1-27'
|1 = iz B

oz
Hz

CV =

CVluy +uzy) 1-2'

|}4H—ﬂz| 3

Rearranging the equation for the CV in terms of the control means:

)

1=z

3<

|14H —Hz|
Hyg tHz

(6\%
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Using the definition of HZ, it goes that uy = HZ - u,. Replacing this
relationship into the right-hand side (RHS) of the equation and simpli-
fying it gives:

— 7' (|HZ- -

cve =2 [HZ - py — pz|
3 HZ'”Z""”Z
_ 7! HZ -1

CV=1 V4 |ﬂz|| |
3 1y AZ+1)

With the assumption that ZPE control means are positive values so
that |u,| = u,, the variables can cancel each other out and this leads to
the final equation:

1-7
CV=——
()

[HZ-1|
HZ+1

Eq. 1 provides an insight into the relationship between Z’-factor and
CV and HZ (Fig. 1A), confirming previous findings by Sui and Wu [6].
Additionally, Eq. 1 can be plotted as two profile plots (Fig. 1B and C)
to observe the impact of CV or HZ on Z’-factor whilst the other variable
remains constant.

In Fig. 1A, the graph can be divided into two segments, the first
segment representing HZ > 1 (where HPE control groups have larger
signal than ZPE control groups) and the second segment representing
HZ < 1 (where HPE control groups have smaller signal than ZPE con-
trol groups). In the first segment, as HZ increases (denoting a greater
separation between HPE and ZPE, with HPE > ZPE), the CV increases to
the asymptote limit of I_TZ/ On the other hand, in the second segment,

(C))

CV increases to =Z_ as HZ decreases (denoting a greater separation be-

tween HPE and ZPE, with ZPE > HPE). Even though the line crosses at
!

the y-intercept of I’TZ, in practice, it is not possible as it would require

HZ to be zero.
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In both cases, one can infer from Eq. 1 that the limit of the CV
is defined by I’TZ/, with Z’ being the Z’-factor threshold determined
by the user. For example, with a Z’-factor threshold of 0.50, which is
a commonly used minimum threshold to describe an excellent assay,
one could use Eq. 1 to determine that the maximum CV limit is (1 -
0.50)/3 = 0.167, or 16.7%. In other words, the maximum CV tolerable
to satisfy the 0.50 Z’-factor threshold is 0.167, and that value decreases
with a lower degree of separation between HPE and ZPE. For example, in
an assay with a small degree of separation such as a two-fold difference
between HPE and ZPE (i.e. HZ of either 2 or 0.5), the maximum toler-
able CV to satisfy the Z’-factor minimum threshold of 0.50 decreases to
approximately 0.056 (or 5.6%). We arrive at the same conclusions when
Eq. 1 is visualised in both profile plots (Fig. 1B and C). Note that the max-
imum limit of the CV is impacted by the level of separation between the
two control groups and not by the assay ‘directionality’ (denoted as to
whether HZ > 1 or HZ < 1). Proof of this is noted in Appendix 1.

With that, Eq. 1 can be reformulated as an inequality to determine
the range of CV values to satisfy the Z’-factor threshold k, so that Z’ >

A

The inequality 1b and the shaded region that satisfies the inequality
are shown in Fig. 1B.

1-k

3

[HZ-1|

CvV <
HZ+1

(1b)

Part 2: Assumption of unequal CVs in HPE and ZPE

As much as Eq. 1 provides insight into how Z’-factor can be influ-
enced by CV and HZ, it is a gross simplification as both HPE and ZPE
are assumed to have an equal CV.

As described in part 1, by rearranging the Z’-factor equation, we get:

ogtoz _1-7'

|MH—142| B 3

If the CV is different for HPE and ZPE, i.e.

CVy= 22 and €V, = 2Z, then
Hu Hz

CVuuy +CVguy 1-7'

|MH —#z| 3

Using the definition of HZ, it goes that u;; = HZ - u,. Replacing this
relationship into the left-hand side (LHS) of the equation and simplifying
it gives:

CVy-HZ -y +CVyu, 1-27'

[HZ -y — uyz| 3

uz (CVWHZ+CVy) | _ 7z
luz|lHZ -1 3

With the assumption that ZPE control means are positive values so
that |4, | = u,, the variables can cancel each other out, giving:

CV4HZ+CV, 1-7

HZ-1] ~ 3

Upon rearrangement, we can derive two equations to understand the
relationship between CVy; and CV; in determining the Z’-factor within
the boundary of the HZ:

HZ 1 1-7
CVy|( ——— CV,)| —— | = — 2
H<|HZ—1|> * Z(IHZ—1|> 3 @
1-7
CV, =-CV4HZ + T(lHZ_ll) 3)

It is important to note that Eqgs. 2 and 3 cannot be defined when
HZ = 1. That would be a reasonable caveat as HZ = 1 implies that HPE
and ZPE groups have equal means that would render assay development
using these controls impossible.
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Once again, Eqs. 2 and 3 can be reformulated as an inequality to
determine the range of CV values to satisfy the Z’-factor threshold k, so

that Z’ > k:
HZ 1 1-k
oV 22 Y yrov,(—1—) < LK 2
“<|HZ—1|>+ Z<|HZ—1|> =73 @0)
1-k
CV; < -CV4HZ + X (HZ-1) (3b)

Eq. 2 can be illustrated as a series of 3-dimensional profile plots to
observe how the three variables CVy, CV; and HZ impact Z’-factor (Sup-
plementary Information 1). In addition, Eq. 2 summarises the impact of
CVy and CV; on the overall CV limit defined by I_TZ/ The weightage
and therefore the impact of CVy and CV; on the overall CV is defined
by HZ. Inequality 2b also states that the weighted average of CVy and
CV; should not exceed the overall CV limit (e.g. 0.167 for k = 0.50) to
surpass the minimum Z’-factor threshold k.

It is interesting to note the contribution of CVy and CVy in each
assay ‘directionality’. In the first case where HPE > ZPE (i.e., HZ > 1), as
HZ increases to infinity, indicating an increasing window of separation

. HZ . 1
between control groups, lim —=— =1 and lim —— =0, and as
roups, | Jm Hz-1] 7o HZ-T] —

such, inequality 2b can be simplified to CVy < %, implying that CVy
defines the overall CV limit to satisfy the minimum Z’-factor threshold
k. In that scenario, controlling CV,; would bring little benefit to either
satisfy or increase the minimum Z’-factor threshold.

However, a different conclusion can be drawn from assays with
ZPE > HPE (i.e., HZ < 1). As the window of separation between con-
trol groups increases, HZ decreases and approaches zero and there-

fore HI%IEO =0 and Hl%lil() m = 1. As such, inequality 2b can be

further simplified to CV, < %, implying that when ZPE > HPE and HZ
< 1, CV, defines the overall CV limit to satisfy the minimum Z’-factor
threshold k.

Eq. 3 and its inequality 3b show the relationship between CVy and
CV; in varying HZ ratios (Fig. 2A). From Eq. 3, there is a linear rela-
tionship between CVy and CV;. More notably, the x- and y-intercepts
define the theoretical limits of CVy and CV;, respectively. It is interest-
ing to note that these limits can be defined using the overall CV limit

HZ
[HZ—1]|

(I_TZ’) and a multiplicative factor based on HZ.

The slope of this linear equation is -HZ and as such, the straight
line becomes steeper with increasing HZ and vice versa (Fig. 2B). In-
creasing the window of separation between control groups (indicated
by increasing HZ for HZ > 1 and decreasing HZ for HZ < 1) can impact
the theoretical limit of CVy and CV; and therefore provides an idea of
the amount of leeway one has in controlling these CVs to achieve good
Z’-factor in an assay.

When HZ > 1, increasing the window of separation between the con-
trols (i.e., increasing HZ) causes a massive increase in the CV;, limit
but not so much in the CVy limit. This means that it is more im-
portant to control and/or reduce the CV in the HPE group in assays
where HZ > 1 to meet the minimum Z’-factor threshold defined by the
user.

On the other hand, when HZ < 1, increasing the window of separa-
tion between the controls (i.e., decreasing HZ) causes a massive increase
in the CVy; limit but not so much in the CV; limit. This implies that it is
far more important to control and/or reduce the CV in the ZPE group in
assays where HZ < 1 to meet the minimum Z’-factor threshold defined
by the user.

Nonetheless, in both forms of assay ‘directionality’, regardless of
whether HPE is larger than ZPE or not, increasing the window of sepa-
ration between the two control groups improves the theoretical limit of
both CVs. This implies that a greater separation between the two con-
trol groups gives a better chance to satisfy the predetermined Z’-factor
threshold as there is greater room for variability within each control
group as represented by the theoretical limit of CV.
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Fig. 2. A. Relationship between CVy and CV,, with the x- and y-intercepts la-
belled with their respective theoretical limits. The shaded region refers to the
region which satisfies inequality 3b and therefore the region in which its CVy
and CV; values satisfy the required Z’-factor threshold k. B. A simulation of
Eq. 3 using various values of HZ to highlight the trend in CVy; and CV,, theoret-
ical limits in response to HZ. In this scenario, the Z’-factor threshold k is set to
0.5. Graphs simulated using GraphPad Prism 9.

In a special case where both CVy and CV; are similar, that is
CV = CVy = CVy, Eq. 2 can be simplified to Eq. 1 as such:

4
v(_HZ LoV 1 _1-z
[HZ — 1] [HZ — 1] 3
HZ+1\ _1-Z _1-7 ( |HZ-1|
CV<|HZ—1|>_ 3 - V=73 <HZ+1

2.3. Expressing SSMD as a function of CV and HZ

SSMD is the ratio of the mean to the standard deviation of the dif-
ference between two groups. In the context of two control groups, HPE
and ZPE groups, we can express SSMD as such:

HH —Hz

) 2
O'H+GZ

When ZPE > HPE, the difference of means is a negative number,
and as such SSMD is negative under such circumstances. Hence there
are two aspects to consider when interpreting SSMD. The positive or
negative symbol denotes the assay ‘directionality’ whilst the absolute
value denotes the magnitude of the difference between the two control
groups.

Using the definitions of HZ, CVy and CV,, we can express SSMD
in terms of these variables so that the user can observe how CV (both

SSMD =
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CVy and CV;) and HZ can affect Z’-factor. First, we express the standard
deviations in terms of CV and mean.

Ha — Hz
(CVimg ) + (CVzuz)’

Next, we express the HPE mean in terms of HZ and ZPE mean.

SSMD =

HZ  uy — iy
V(CVi - HZ - y) 4+ (CV gz )

Factorisation and taking out ZPE mean as the common term, gives

SSMD =

HZ -1
SSMD = Hz( )

uz\/ (CVyHZ)® + CV2
Simplification then gives Eq. 4:

HZ-1

SSMD = C))

(CVyHZ)*+CV2

If both CVy; and CV;, are similar, that is CV = CVy = CVy, Eq. 4 can
be simplified to:

HZ-1
CVVHZ*+1

The relationship between both CVs and HZ in determining SSMD is
slightly more complex than that in determining Z’-factor. Nonetheless,
there is still some insight to be taken by examining both Egs. 4 and 5.

First, it is noted that the CV in general is inversely correlated with
the absolute SSMD value, which implies that the greater the variation
within each group, the smaller the absolute SSMD value (Fig. 3A). This
observation is true regardless of the ‘directionality’ of the assay, be it HZ
> 1 or HZ < 1. The HZ determines the upper and lower boundary/limit
of the SSMD. The greater the separation between the two control groups
(as HZ approaches infinity for HZ > 1 or approaches zero for HZ < 1),
the larger the absolute SSMD value.

If we attempt to break down the CV into its constituent CVy and
CV;, we can observe how CVy and CV; individually influence SSMD.
Increasing the CVy while maintaining a constant CV;, value leads to a
marked decrease in the absolute SSMD value at HZ > 1 (Fig. 3B). This
change in absolute SSMD is not prominent at HZ < 1. This implies that
in assays where HPE > ZPE and HZ > 1, improving the CVy by reducing
it would markedly improve the absolute SSMD value.

On the other hand, increasing CV, while maintaining a constant CVy
value leads to a marked decrease in the absolute SSMD value at HZ <
1 (Fig. 3C). This change in absolute SSMD is not prominent at HZ > 1.
This implies that in assays where ZPE > HPE and HZ < 1, improving the
CV; by reducing it would markedly improve the absolute SSMD value.

SSMD = ®

2.4. The relationship between Z’-factor and SSMD

In both analyses of Z’-factor and SSMD, one can observe that a sim-
ilar trend can be observed with regards to how CVy, CV; and HZ can
influence these assay metrics. It is also possible to show that Z’-factor
and SSMD can be related to each other, especially in the case where CVs
in HPE and ZPE are equal.

First, we can define the absolute SSMD value from Eq. 5 and derive
the CV as a function of HZ and the absolute value of SSMD.

__IHZ-1
)CV\/HZ2 + 1(

HZ -1
CVVHZ2 + 1

|SSMD| =

As CV > 0 and HZ > 0, the denominator will always be a positive
number. Hence:

HZ-1 HZ-1
issmpj = 221 Loy MHZZU
CVVHZ2 + 1 |SSMD|VHZ2 + 1
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Relationship between CV and HZ in SSMD
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SSMD =

SSMD

Fig. 3. A. The relationship between CV and HZ in determining SSMD according
to Eq. 4. B. The impact of CVy; on SSMD according to Eq. 5. C. The impact of
CV; on SSMD according to Eq. 5. Graphs simulated using GraphPad Prism 9.

Combining with Eq. 1 gives:

[HZ — 1] _1—Z’<|HZ—1|>
|SSMD|VHZ2 + 1 3 \HZ+1

Simplification and rearranging the terms give:
3/HZ - 1|(HZ + 1) —

|SSMD|(\/HZZ n 1)(|HZ— o

3HZAD)
|SSMD| ( VHZ2+1 ) -
3(HZ+1)
(1-2') (VHz?+1)
By comparing the original definition of the Z’-factor, one can see that
in the case where CVs in HPE and ZPE are equal:
oy+toy (HZ+1)

lun—nzl |SSMD|<\/HZ2+1>

It is worth noting that HZ + 1 > VHZ? + 1 for HZ > 0, and as such:
HZ +1
HZ? + 1

1-

= |SSMD|= 6)

1-7

3

O]

> 1
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Relationship between Z' and |SSMD|
1 -

— HZ=100r0.1
0.75+ — HZ=50r02
— HZ=250r04
B 0:507 — HZ=20r05
— HZ=1.50r0.67
B — HZ=1250r08
0.00- I""I""I""I""I""I
0 5 10 15 20 25 30
Absolute SSMD value

Fig. 4. The relationship between Z’-factor and SSMD with varying HZ ratios.
Note that different HZ values which give a similar fold difference between HPE
and ZPE (e.g. HZ value of 10 or 0.1) will give the same curve. Proof of this is
noted in Appendix 2. Graph simulated using GraphPad Prism 9.

. 3HZ + 1) .3
ISSMD| (x/sz + 1) ISSMD|
HZ + 1
>1- 3HZ+ 1) <1- SS3
|SSMD|<\/HZ2+1) ISSMD|
=>Z’<1—;or|SSMD|> 3
[SSMD] —7

This implies that the commonly-used Z’-factor threshold of 0.5 would
require an absolute SSMD value of more than 6. In other words, in such
an assay, the difference of the means between the two control groups is
at least six times greater than the sum of the standard deviations of the
two groups. This reinstates Zhang’s point that the Z’-factor threshold is
stricter than the SSMD threshold.[7]

Eq. 6 can be represented graphically to show the relationship be-
tween the Z’-factor and the absolute SSMD value. From Fig. 4, it can
be seen that the curve shifts to the left upon an increase in the separa-
tion window. This is true regardless of the ‘directionality’ of the assay,
in situations where HPE > ZPE (HZ > 1) or ZPE > HPE (HZ < 1). This
relationship implies that to achieve the desired Z’-factor threshold, as-
says with a poor separation window between HPE and ZPE (HZ value
close to 1) would need to be compensated by a stronger differentiation
between the two control groups (high absolute SSMD value).

From Eq. 7, one can observe that the theoretical overall CV limit of

the assay is represented by the “;”—izl in the Z’-factor equation. More
H™HZ

interestingly, that coefficient can now be expressed as a function of the
absolute value of SSMD and HZ. This implies that there is a formalised
relationship between two parameters Z’-factor and SSMD, expressed in
Eq. 6. It has been mentioned previously that the value of SSMD can
be interpreted from a probabilistic viewpoint, but not for Z’-factor.[7]
From Eq. 6, the Z’-factor can be converted to its corresponding absolute
SSMD value to understand its probabilistic value, and such conversion
requires the knowledge of the HZ independent of the CVs of each control

group.
2.5. Application of equations using simulated examples

To illustrate these points in practice, various simulated examples of
initial Z’-factor values with the corresponding assay variables (CVy, CVy,
and HZ) are presented in Table 2.

In Case 1, it can be seen that in assays with large separation between
control groups, further increasing the HZ by two-fold in this scenario
(Table 2, example 5) gives a small improvement to the Z’-factor. How-
ever, if the CV of the control group with the greater raw signal (CVy in
this scenario) is halved (Table 2, example 2), then one can see a marked
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Let CVy = ‘;_H vy = % and HZ = Y2 where Fig. 5. Summary of the mathematical equations discussed in this
H Z Z 3
oy = Standard deviation of the HPE group article.
0, = Standard deviation of the ZPE group
Uy = Mean of the HPE group
1z = Mean of the ZPE group
HPE - 100% effect, ZPE - 0% effect
oV, ( Hz )+cv 1 12 CVy = —CV4HZ + _Z’(IHZ 1))
H\lHZ — 1] Z\lgz-1]) " 3 CR L 3
HZ-1 3(HZ+1
SSMD = ————— |SSMD| = __BHZ41)
7 2
/(CVHHZ)Z E (1-2)(/HZ% + 1)
Where Z’ = required Z’-factor and SSMD = standardized mean difference
Table 2 Prior literature has provided some insight on the impact of CV and/or
Simulated Z’-factor values based on various assay variables (CVy, CV, and HZ). separation between two control groups (indicated by SB) in common as-
Example Mean HPE vy Mean ZPE v, HZ 7 -factor say metrics such as Z’-factor and SSMD. However, prior analyses used
- a general CV or a modified CV that looked into the overall assay rather
Case 1: Large separation between control groups than its constituent control groups. Here we derive several equations
1 10000 0.2 1000 0.2 10 0.27 . .
2 10000 0.1 1000 0.2 10 0.60 which incorporate the CV of each control group and the HZ. We demon-
3 10000 0.2 1000 0.1 10 0.30 strate through these equations that these variables can impact assay
4 10000 0.1 1000 0.1 10 0.63 metrics such as Z’-factor and SSMD. Coincidentally, we show that the
5 20000 0.2 1000 0.2 20 0.33 relationship between Z’-factor and SSMD is dependent on the extent of
Case 2: Small separation between control groups, HZ > 1 ion b h 1
6 15000 0.2 5000 0.2 3 0.20 separat.mn etween the tw? contro. groups. .
7 15000 0.1 5000 0.2 3 0.25 To improve assay quality metrics (Z’-factor or SSMD), controlling
8 15000 0.2 5000 0.1 3 -0.05 the CV of the control group with the higher signal magnitude is more
9 30000 0.2 5000 0.2 6 0.16 important than the other group, especially as the separation between
Case 3: Small separation between control groups, HZ < 1 the two control groups increases. Noticeably, the control group with
1 2000 02 8000 02 025 0 v 'trol group: cases. Noticeably, group
12 2000 01 8000 0.2 0.25 0.10 the higher signal implies a different biological group depending on the
13 2000 0.2 8000 0.1 0.25 0.40 assay ‘directionality’. In assays where HZ > 1, this refers to the HPE
14 1000 0.2 8000 0.2 0.125 0.23

improvement on the Z’-factor. Improving the remaining CV; only also
gives modest improvement on the Z’-factor (Table 2, example 3).

In Case 2, where there is relatively small separation between control
groups, increasing the HZ (Table 2, example 9) does improve the Z’-
factor more substantially than in Case 1. As with in Case 1 and based
on Eq. 2, one can see that for HZ > 1, reducing the CVy rather than
CV, gives greater improvement on the Z’-factor (Table 2, examples 7
and 8). The reverse is true in Case 3, where the assay directionality is
changed, giving HZ < 1. In this scenario, reducing the CV;, in the ZPE
(i.e. negative control group) actually improves the Z’-factor markedly
(Table 2, example 13), as predicted in Egs. 2 and 3.

3. Discussion and conclusions

Assay quality metrics can be used to measure the process of improve-
ment in assay development. Users can use these metrics to guide their
decision-making process on the next steps in improving the assay. For
example, users can choose to further increase the separation between the
two control groups by changing the pharmacological tool compound or
by increasing the assay time to allow greater separation between the
two groups, assuming that the biochemical reaction has not yet gone to
completion. In addition, the user can also attempt to reduce the variabil-
ity in each control group, for example, by improving its instrumentation
or by controlling the biological variation in control groups.

Occasionally, users may find that controlling one aspect of the assay
parameter (e.g. signal separation or variability) is simpler or more prac-
tical than the other. For example, cell-based assays tend to have a larger
biological variation in their controls (especially untreated controls) than
biochemical assays. As such, it is worthwhile to understand how vari-
ability and signal separation contribute to the assay quality metric so
that users can efficiently improve the assay.
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group, usually corresponding to the group treated pharmacologically,
while in assays where HZ < 1, this refers to the ZPE group, usually the
untreated group. In assays with a greater separation between the two
control groups, it would be more worthwhile to focus on reducing the
variability in the control groups with the higher signal magnitude. As the
separation between the two control groups decreases, it would be just as
important to control the variability in the remaining control group. We
have derived Egs. 2 and 3 to formalise the relationship between these
two CVs and guide the user in deciding which control groups to improve
for their variability.

The equations derived here take into consideration the assay ‘direc-
tionality’, hence preventing any confusion regarding the need to iden-
tify the ‘top’ or ‘bottom’ signal. The use of HPE and ZPE nomenclature,
and subsequently the HZ ratio, should clarify any confusion, as the as-
signment of the HPE and ZPE group remains constant within the con-
text of the assay while disregarding the magnitude and direction of the
signal.

It is hoped that these equations (Fig. 5) can provide a quantitative
measure to help users to recognise assay variables (CV and/or HZ) that
matter more and respond more quickly in improving the assay qual-
ity, thus making the assay development process more efficient and ef-
fective. By identifying assay variables that matter more, users can se-
lect the appropriate intervention to improve the require assay vari-
ables in the assay development process. Although not discussed in the
article, these equations can be reformulated into their robust equiva-
lents, using median, median absolute deviation and robust coefficient
of variation as robust estimators of mean, standard deviation and CV
respectively.
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Appendix 1

Proof that Eq. 1 is not affected by the assay ‘directionality’

If one control group has a h-fold signal over the other control group,
then the HZ can be either h (if HPE > ZPE) or 1/h (if ZPE > HPE).

IfHZ=h

1=z (lh-1]
cv=
3 <h+1
IfHZ = 1/h
1
1
— !
cv=1 32 —)j’ |
L
_ )ﬂ‘
- h
V=5
h
1
_ 7/ <_)|1_h| _ 7! -1
cv=l 3Z u > 1 32 <|Z l)[NB: 1 =hl=|h-1]]
($)a+m +1

As such, CV is the same for HZ = h or 1/h and thus Eq. 1 is not
affected by the assay ‘directionality’.

Appendix 2

Proof that Eq. 6 is not affected by the assay ‘directionality’

If one control group has a h-fold signal over the other control group,
then the HZ can be either h (if HPE > ZPE) or 1/h (if ZPE > HPE).

IfHZ=h

[ 3h+ 1)
|SSMD|(\/h2 n 1)
IfHZ = 1/h
)
|SSMD|< (%)2+1>
e

|SSMD|<\/1:—22>
3(%)(h+1)
- 1
|SSMD|(%)(\/h2+1) -

As such, Z’-factor is the same for HZ = h or 1/h and thus Eq. 6 is not
affected by the assay ‘directionality’.

~ 3h+1)
ISSMDl( n+ 1)

!
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Appendix 3
Proof that Egs. 2, 3 and 4 are affected by the assay ‘directionality’
If one control group has a h-fold signal over the other control group,

then the HZ can be either h (if HPE > ZPE) or 1/h (if ZPE > HPE).
For Eq. 2,if HZ=h

h 1
CVH<|h—1|>+CVZ<|h—1|

IfHZ=1/h
1 | 1=z

)

1=z
)

==

vyl —— [+ cv,

_ !
1TZ[NB: = hl=|h—1|]

h

|h—1]

(i)~
Note that both equations are not similar, with the coefficient of CVy
and CV, swapped in different assay directionality. This implies that
Eq. 2 is affected by the assay ‘directionality’. As Eq. 3 is derived from
Eq. 2, the same conclusion can be drawn.
For Eq. 4,if HZ=h

SSMD= — =1
(CVyh)* +CV2
If HZ = 1/h
Ly
SSMD = h
1)\2 5
(cvaup) +ov3
SSMD = L-h => L-h
2 2 2
h\/ (cvap) +oVv VOV +(©Vzh)

Note that both equations are not similar, with the coefficient of CVy
and CV, swapped in different assay directionality. This implies that
Eq. 4 is affected by the assay ‘directionality’.
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