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The relationship between dose and effect is not random, but rather governed by the unified theory

based on the median-effect equation (MEE) of the mass-action law. Rearrangement of MEE yields

the mathematical form of the Michaelis–Menten, Hill, Henderson–Hasselbalch and Scatchard

equations of biochemistry and biophysics, and the median-effect plot allows linearization of all

dose-effect curves regardless of potency and shape. The ‘‘median’’ is the universal common-link

and reference-point for the 1st-order to higher-order dynamics, and from single-entities to

multiple-entities and thus, it allows the all for one and one for all unity theory to ‘‘integrate’’

simple and complex systems. Its applications include the construction of a dose-effect curve with a

theoretical minimum of only two data points if they are accurately determined; quantification

of synergism or antagonism at all dose and effect levels; the low-dose risk assessment for

carcinogens, toxic substances or radiation; and the determination of competitiveness and

exclusivity for receptor binding. Since the MEE algorithm allows the reduced requirement of the

number of data points for small size experimentation, and yields quantitative bioinformatics, it

points to the deterministic, efficient, low-cost biomedical research and drug discovery, and ethical

planning for clinical trials. It is concluded that the contemporary biomedical sciences would

greatly benefit from the mass-action law based ‘‘Green Revolution’’.

Introduction

During the past decades, a tremendous amount of knowledge

building has been achieved in biomedical sciences, with special

emphasis in molecular and cell biology, but relatively few

applications have been made, especially in the area of cancer.

At the same time, tremendous resources, if not trillions of

dollars, have been invested in this endeavour. While we

celebrate the unprecedented progress, we really need to avoid

the hindsight of chasing the trivia and neglecting the funda-

mentals, and to avoid the lopsided stereotype in biomedical

research. The overwhelming amounts of scientific information,

whether it was accumulated in the past or is yet to be obtained,

require integration and convergence. In particular, the ever

expanding scope of inquiries needs a general integration plat-

form with a unified, effective approach and the quantitative/

deterministic general theory at the fundamental level, to attain

efficiency and cost-effectiveness. In this review, the author

addresses the fundamental bioinformatic issues, such as how

to draw a dose-effect curve for a single agent, what is the

additive effect of two drugs in vitro, and what is synergy in
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Insight, innovation, integration

The mass-action law based median-effect equation is

obtained via mathematical induction and deduction from over

300 equations. Its algorithm, along with its experimental

design and computer simulation, allow the reduced require-

ment of data points for small size experimentation and yet

yields useful bioinformatics. The scope of the median-effect

equation encompasses single entities to multiple entities and

covers 1st order to higher order dynamics, and it yields

mathematical forms for four basic equations in biochemistry

and biophysics. Thus, the median-effect principle enables the

integration for quantitative, efficient bio-research, low cost

biomedical investigations and drug discoveries in vitro and

in vivo. Its vast utilities points to a mass-action law based

green revolution in biomedical sciences.
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biomedical sciences. These basic questions can be explicitly

solved by the mass-action law alone, and then the unified

median-effect equation of the mass-action law can be used as a

common link and the general reference point to solve the

problems in more complex systems. In this article, a mass-

action law based algorithm is proposed for econo-green

bio-research and drug discovery whether in vitro, in animal

studies, or in clinical trials, as illustrated.

The dose-effect curve

Every drug produces an effect, and thereby, a dose-effect

relationship, or a dose-effect curve.1 However, the fundamental

question is whether the dose and effect relation is a random

event or governed by a certain Nature’s law. For centuries,

biomedical scientists constructed empirical dose-effect curves to

fit experimental data. This is demonstrated by the fact that most

scientists had to generate a lot of data points and then tried to

draw a best fit curve by using the least-square fit or by using a

bendable ruler or the curved templates. This empirical practice

has mounting problems, especially when encountering drug

combination studies. The author proposed to conduct the

dose-effect curve by the principle of the median-effect equation

(MEE) which is mathematically derived from the mass-action

law.1,2 The new theory indicates that dose-effect relationships

are not random or arbitrary events but rather governed by the

physico-chemical principle of the mass-action law where the

median-effect equation is the unified theory that linearizes dose-

effect curves with different potencies and shapes as shown in

Fig. 1. In other words, instead of drawing an empirical curve to

best fit the available data, we should use the data points to fit

the mass-action law.1 The latter can be done easily by using the

MEE and its automated plot, via a simple computer simulation,

can be generated in a split second after the data entry, which

will be briefly described in the section below.

The MEE, derived from systematic mathematical induction-

deduction through over 300 mechanistically distinct equations,

should have general integrative applications and thus may

change the practice of biomedical sciences in measurable ways.

The most intriguing claim, which defies widely held beliefs, is

that we can draw a specific dose-effect curve with a theoretical

minimum of only two data points, if they are accurately

determined. This is because ‘‘dose zero’’ is a default data

point, and the median (Dm) of MEE is the universal reference

point.1,2 Taken from these premises, when we have 3, 4, 5, or 6

data points, the theory becomes very powerful. This is the

basis for conducting small size experiments in vitro, in animals

and in clinical trials and thus achieving quantitative, efficient,

and econo-green biomedical research.

Therefore, through the median-effect principle, we can

clearly establish a platform for a more meaningful integration

of bioinformatics without the need to rely on a large number

of data points and data collections that have become the norm

these days for pharmacological clinical studies.

The research approach used here of merging the mass-

action law with mathematical induction and deduction to

create a general theory, does not seem to have precedence in

biomedical sciences. It would be beneficial to the readers to

briefly give the background and rationale on what is MEE; its

properties; graphical plot; the extension from single to multi-

ple entities, and from the first order to higher order dynamics;

the algorithms of MEE; the experimental design for the

application of the quantitative, efficient, econo-green bio-

medical research; the low cost; ethical clinical trials; and

finally, the vast scope of the mass-action law based bioinfor-

matics. This bioinformatics includes fundamental quantitative

knowledge of activation vs. inhibition, competitive vs. non-

competitive, exclusive vs. non-exclusive, whole vs. part, and

synergism vs. antagonism at an equilibrium, dynamic state.

The median-effect equation as a unified theory

Using the mass-action law based enzyme kinetics system as a

model for system analysis, about 300 equations have been

derived systematically to cover various mechanisms of effectors

(such as competitive, non-competitive and uncompetitive

equations and their various permutations) and various

mechanisms of the targets (e.g., ordered, sequential, ping-pong

and random interactions in the enzymic mini-pathways).3–7

Using the mathematical induction and deduction approach,

employing the fractional effect concept and taking the ratios

(i.e., in the presence and absence of inhibitors), the rate

constants are cancelled out to yield the dynamic relationship

for the dose and effect at first order and higher order

dynamics,1–2,5,26,27 as indicated in the Scheme S-1, ESI.w
Merging the mass-action law with mathematical induction

and deduction allows the generation of the general median-

effect equation (MEE)2 which is given by:

fa/fu = (D/Dm)
m or D = Dm [fa/(1-fu)]

1/m

or fa = 1/[1 + (Dm/D)m] (1)

where D is the dose (or concentration) of a drug, fa is the

fraction affected by D (i.e., percent inhibition/100) and fu is the

fraction unaffected (i.e., fu = 1�fa). Dm is the median-effect

dose (e.g., IC50, ED50, or LD50) that affects the system by
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50%, and m is the dynamic-order coefficient signifying the

shape of the dose-effect relationship, where m = 1, >1, and

o1 indicate hyperbolic, sigmoidal, and flat-sigmoidal dose-

effect curves, respectively. Eqn (1) is believed to be the simplest

possible way for relating the dose (right side) and the effect

(left side), which also shows that dose and effect are inter-

changeable.1 In addition, both sides of the equation are ratios

and thus dimensionless quantities, indicating that the median-

effect equation is for any drug with any units (e.g., mM, ng ml�1,

IU, or Rad).1 Taking the logarithmic form of eqn (1) and plotting

x= log(D) versus y= log(fa/fu), as defined by Chou, is called the

median-effect plot,2 where it will linearize all the hyperbolic and the

sigmoidal dose-effect curves as shown in Fig. 1.

log (fa/fu) = m log (D) � m log (Dm) (2)

In the median-effect plot, m is the slope and (Dm) is the

anti-log of the x-intercept which can be readily determined

Fig. 1 The linearization of dose-effect curves of single agents. Transformation of various sigmoidal dose effect curves, (a) into the corresponding

linear forms, by the median-effect plot, where y = log (fa/fu) vs. x = log (D) is plotted. The slopes (in Fig. 1a and b, the m values are equal to 2, 3,

and 5) signify the degree of sigmoidicity, and the anti-log of the x-intercepts where fa/fu = 1 [or log (fa/fu) = 0] give theDm values, which signify the

potency of each drug, such as ID50, ED50, or LD50.
1 For the computer generated graphics for the dose-effect curves (c and e) and their

corresponding median-effect plots (d and f). (c) dose-effect curves with Dm = 1 mM, and when m= 1 ( ), m= 3 ( ) and m= 5 ( ). (d) median-

effect plots of c. (e) dose-effect curves with m = 1, and when Dm = 0.5 mM ( ), 1 mM ( ), 2 mM ( ), 4 mM ( ), 6 mM ( ), 8 mM ( ) and 16 mM
( ). (f) is the median-effect plots of e. Similar graphics can be generated by using other m and Dm values. Note that in this figure, seven data points

have been used for each dose-effect relationship, which can be reduced to the minimum of two.10
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(e.g., automatically determined in a fraction of a second after

the data entry by using computer software). From eqn (1),

when m and Dm values are determined, the dose (D) for any

given degree of effect (fa) can be determined. Conversely, the

effect (fa) for any given dose (D) can also be determined.1,2 In

other words, when m and Dm values are determined, the entire

dose-effect curve is determined.8,10 The examples for

transforming the dose-effect curves in different shapes and

potencies into the linear forms by the median-effect plot are

illustrated in Fig. 1. Fig. 1 indicates that very few data points

Fig. 2 From the unified theory, to algorithms, to diagnostic plots for drug combination studies. (a) The median-effect equation (eqn (1)) as the

unified general theory for the Michaelis–Menten, Hill, Henderson–Hasselbalch and Scatchard equations.7 (Copyright 1991 from ref. 19 with

permission from Elsevier). (b) The merging of the median-effect equation with the CI equation (eqn (3)) leads to the quantitative definition for

synergism (CI o 1), additive effect (CI = 1), and antagonism (CI > 1),1,21 and provides the algorithms for their computer simulation.8–10

Rearrangement of the equation also provides algorithms for simulation of the dose-reduction index (DRI) for each drug in their combination

(eqn (5)). The favorable DRI (>1) allows dose-reduction that leads to toxicity reduction in therapeutic applications. (c) The depiction shows the

typical quantitative diagnostic graphics generated by the computer simulation. (upper left), the Fa-CI plot;
20,21 (lower left), the classic isobologram

(for the constant ratio combination design);21 (upper right), the normalized isobologram1,7,21 for the non-constant ratio combination design;1,8,13

and (lower right), the Fa-DRI plot1,10,30 for the constant ratio combination design.
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are needed for dose-effect analysis if experimental data are

accurately determined.1,7,11–13 The enabling of only two data

points to generate a specific dose-effect curve is distinct from

the commonly held belief that from two points, one can only

draw a straight line. This revelation has far-reaching implica-

tions in biomedical sciences and provides a theoretical basis

for using a small number of data points in experiments when

the r value (i.e., the linear correlation coefficient of the median-

effect plot) is good (e.g., r > 0.95).1–2,12,13

The rearrangement of eqn (1) yields the mathematical form

of the Michaelis–Menten equation of substrate saturation, the

Hill equation of higher order ligand occupancy, the Henderson–

Hasselbalch equation of pH ionization and the Scatchard

equation of receptor binding. Thus, these four basic equations

in biochemistry and biophysics are the special cases of the

median-effect equation of the mass-action law1,7 (Fig. 2a).

Retrospectively, it is not surprising that the median-effect dose

(Dm), which elicits the half-effect, is equivalent to the Km for

half saturation, K for half occupancy, pKa for half ionization,

and Kd for half bound and half free: A cup of water half-full is

a cup of water half-empty. The MEE is the theory that

describes the dynamic relationship between fullness and

emptiness. It also describes the dynamic relationship between

material and function or the dynamic relationship between

cause and consequence. This ‘‘unity’’ theory has also been

applied to interpret the ancient Chinese philosophy, such as

the Confucian Doctrine of the Mean and the Harmony in

Daoism, where the median is the harmonic mean of kinetic

constants in the Lineweaver–Burk plot (Kii and Kis) at the

equilibrium dynamic-state,1,5 in which the pure non-competitiveness

indicates the pure harmony.14,15 This median-effect principle

has led to the introduction of the natural law based

quantitative unity philosophy15 and the GPS-concept for

bioinformatics, where the median is the universal common

link and common reference point11 that connects science and

humanity.

In recent years, the MEE that was derived in 1976 has been

defined as the unified theory,1,7,12,13 as shown in Fig. 2a.

The unified theory for single entity bioinformatics

As indicated above, the median-effect equation (eqn (1)) is

derived from the deduction of about 300 specific equations

that cover various mechanisms. This feature allows broad

applications for the systems of single entities in biological

fields as demonstrated in ref. 1. The typical applications of the

unified theory are: (i) The calculation of the kinetic dissocia-

tion constant (Ki) from the median concentration of inhibition

(IC50) in the receptor or enzymatic binding studies;5 (ii)

Provides a simple way for low-dose risk assessment for

carcinogens, toxic substances or radiation in chronic or acute

exposure using the median-effect plot without evoking arbi-

trary empirical extrapolations;1,16,17 (iii) Conducting small size

experimentation, using fewer data points than in the past.1

When only two data points are used to draw a specific dose-

effect curve using MEE and the MEE plot, as illustrated in

Fig. 1, then the method can be very powerful when we have 3,

4, 5 or 6 data points.1,13 This conservation of data points can

be translated to using a small number of animals in

experiments18 and using a small number of patients in clinical

trials, as has been specifically demonstrated;19 (iv) Facilitate

topological receptor analysis by determining ligand

exclusivity, as well as ligand competitiveness, with a specific

equation and plot;5,6 (v) The calculation of therapeutic index

or the safety margin [e.g., the ratio of the maximal tolerated

dose (MTD), the toxic dose (TDx) or the lethality dose (LDx)

vs. the optimal therapeutic dose (EDx)]
1 with the aid of a

computer software;8–10 (vi) The epidemiological applications,

such as automated projection of age-specific disease inci-

dences, e.g., colon cancer, based on the mass-action law

principle;1 (vii) The MEE has also been used to calculate the

projected radiation-induced leukemia rate among Hiroshima

atomic bomb survivors, 1950–1957 (ref. 1, p. 660 and

Table 14).

The unified theory of MEE allows one to draw quantitative

conclusions effectively and efficiently at the optimal experi-

mental conditions, e.g., the optimal dose, schedule, route and

infusion time of drug administration for computerized evalua-

tion of efficacy and toxicity.

The additive effect

Another fundamental issue that widely confused biomedical

scientists during the past centuries is ‘‘What is the additive

effect?’’1 A more frequently asked practical question is ‘‘What

is synergy?’’12,13,20–23 Since synergy is more than the additive

effect, and antagonism is less than the additive effect, the

crucial question of utmost importance is ‘‘What is the additive

effect?’’ Many researchers have talked about synergy, since

drug combination is widely used in treating the most dreadful

diseases, such as cancer and AIDS, and we are looking for the

synergistic therapeutic effect. In a Google search, the term

‘‘synergistic effect’’ has > 4.8 million entries. In biomedical

literature, one review alone by Goldin and Mantel (1958),24

seven definitions for synergism were given. In another review

by Greco et al. (1995),25 thirteen different methods for

determining synergism have been listed, but none of them

supported the others. Thus, the meaning of synergy has become

the individual’s preference and agenda.1 It is difficult to find any

other field in biomedical science that has more confusion than

in drug combinations. The ramification of these negative

impacts due to the confusions inflicted a tremendous toll in

biomedical research, as well as in medical practices.1,12

It is argued that in the absence of a clear definition of

synergy, academic institutions and granting agencies will have

no standard to make a synergy judgment and the govern-

mental regulatory agencies will have no basis on which to

regulate the synergy claims.12–13,22 The lack of a consensus

of a synergy definition would apparently compromise the

credibility and accountability of biomedical sciences and

medical practices.

It is proposed by Chou-Talalay that there is only one

definition for synergy1,20,21,26,27 which is the combination

index (CI) o 1. This definition is based on the multiple drug

effect equation derived from the median-effect principle of the

mass-action law, and again, merging with mathematical

induction and deduction for its generalization1,5,7,26,27 which

is briefly illustrated below.
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The unified theory for multiple entity bioinformatics

The combination index

The extension of the single entity MEE leads to the derivation

of multiple drug effect equation for first order and higher order

dynamics.1,7,26,27 The flow chart of the derivation is shown in

the Scheme S-1, ESI,w and more mathematical details are

given in Appendix I1 of ref. 1. The resulting general equation

is the basis for the combination index (CI) equation7,20,21

which, for the two-drug combination, is given by:

CI ¼ ðDÞ1ðDxÞ1
þ ðDÞ2ðDxÞ2

¼
ðDÞ1;2½P=ðPþQÞ�
ðDmÞ1½fa=ð1� faÞ�1=m1

þ
ðDÞ1;2½Q=ðPþQÞ�
ðDmÞ2½fa=ð1� faÞ�1=m2

ð3Þ

where (Dx)1 and (Dx)2 in the denominators are the doses of

each drug ‘‘alone’’, that gives x% effect (e.g., x% inhibition);

(D)1 and (D)2 in combination at a ratio of P/Q, thus, their

combination (D)1,2 in numerators can be divided into the

doses of drug 1, (D)1 = (D)1,2 [P/(P+Q)], and drug 2, D2 =

(D)1,2 [Q/P+Q)], in which the ‘‘combination’’ of [(D)1 + (D)2]

also gives x% effect. Note that the last two terms on the right,

the denominators (Dm)1[fa/(1�fa)]1/m1 and (Dm)2[fa/(1�fa)]1/m2

are, in fact, the universal median-effect equation, MEE as

indicated in eqn (1). Thus, for both drug 1 and drug 2 and their

combination, in serially diluted concentrations, their effects

are subjected to the median-effect plot. Thus for drug 1,

y = log[fa/(1�fa)] vs. y = log(drug 1 doses); for drug 2, y =

log[fa/(1�fa)] vs. y = log(drug 2 doses); and for their combi-

nation y = log[fa/(1�fa)] vs. y = log[drug 1 + drug 2], which

yields [m1, (Dm)1, r1], [m2, (Dm)2, r2], and [m1,2, (Dm)1,2, r1,2],

respectively, in which all of the median-effect plots, as well as

the dose-effect curves, can be computer simulated with the r

value representing the linear correlation coefficient of the

median-effect plot, which signifies the conformity of the data

set to the mass-action law. Chou and Talalay defined that in

eqn (3), CI = 1, o1, and >1 indicates an additive effect,

synergism, and antagonism, respectively,20,21 regardless of the

mechanisms or the units of the drugs or the dynamic

orders (Fig. 2b). Due to the new concept for the new

approach, the method suffered from a lack of recognition

at first, but eventually blossomed during the past decade

(see Fig. S-1, ESIw). This theory has formed the algorithm

for the combination index theorem for computerized

analysis.8–10 The plot of the CI values, as the function of effect

levels, is called the Fa-CI plot or the Chou–Talalay plot. This

plot allows the quantitative determination of synergism

(CI o1), antagonism (CI >1) or additive effect (CI = 1) at

all effect levels (Fig. 2c).

The MEE and CI equation have been well documented in

biomedical literature, especially for in vitro studies. One article

by Chou and Talalay21 alone has been cited 2 197 times in over

453 different journals (Thompson ISI Web of Knowledge or

www.researcherid.com/rid/B-4111-2009). Thus, the theory has

been widely tested and used in tens of thousands of experi-

mental data sets (see Fig. S-1, ESIw).

In the case of 5 drug combinations at x% inhibition and at a

P :Q :R :S :T combination ratio, the general equation becomes:1

5ðCIÞx ¼
ðDxÞ1�5½P=ðPþQþ Rþ S þ TÞ�
ðDmÞ1fðf axÞ1=½1� ðf axÞ1�g

1=m1

þ ðDxÞ1�5½Q=ðPþQþ Rþ S þ TÞ�
ðDmÞ2fðf axÞ2=½1� ðf axÞ2�g

1=m2

þ ðDxÞ1�5½R=ðPþQþ Rþ S þ TÞ�
ðDmÞ3fðf axÞ3=½1� ðf axÞ3�g

1=m3

þðDxÞ1�5½S=ðPþQþ Rþ S þ TÞ�
ðDmÞ4fðf axÞ4=½1� ðf axÞ4�g

1=m4

þðDxÞ1�5½T=ðPþQþ Rþ S þ TÞ�
ðDmÞ5fðf axÞ5=½1� ðf axÞ5�g

1=m5

ð4Þ

Despite its complexity, the computer simulation will take less

than a minute, less than the time it takes to print out a report.

The author’s lab has carried out 5 drug anti-HIV agent

combination (with 2–5 drug combination components), and

the printout was 90 pages long, as indicated in the supple-

mentary information of ref. 1.

For the n-drug combination at x% inhibition, the CI

equation becomes:1,7

nðCIÞx ¼
Xn
j¼1

ðDÞj
ðDxÞj

¼
Xn
j¼1

ðDxÞ1�n ½D�j=
Pn
1

½D�
� �

ðDmÞj ðf axÞj=½1� ðf axÞj �
n o1=mj

ð5Þ

where n(CI)x is the combination index for n drugs at x%

inhibition, (Dx)1–n is the sum of the dose of n drugs that exerts

x% inhibition in combination, ([D]j/S
n
1[D]) is the proportion-

ality of the dose of each of n drugs that exerts x% inhibition in

combination, and (Dm)j [(fax)j/(1�fax)j]1/mj is the dose of each

drug alone that exerts x% inhibition, where Dm is the median-

effect dose (anti-log of the x-intercept of the median-effect

plot), fax is the fractional inhibition at x% inhibition, and m is

the slope of the median-effect plot, which depicts the shape of

the dose-effect curve (where m = 1, >1, and o1 indicates

hyperbolic, sigmoidal, and flat sigmoidal curve, respectively).

The algorithm depicted by eqn (4) and (5) should be useful for

the rational development of multi-modality therapy, in cancer,

cocktail treatment in AIDS, and herbal therapeutics in tradi-

tional Chinese medicine.

The isobologram

When the CI equation (eqn (3)) is set to equal to 1, it

automatically allows a different plot, which, by coincidence,

is the formal mathematical derivation of the isobologram

equation in which the term ‘‘isobologram’’ (the dose graph

for equal effect) has been around for almost a century without

a rigorous theoretical treatment.1,28,29 The construction of the

isobologram used to take about a 30–60 min, manually using

graph paper with extrapolations and interpolations. Using the

isobol equation and algorithm, the construction of the
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isobologram will now take less than a second, whether it is for

the constant-ratio combinations (the classic isobol) or for the

non-constant ratio combination (the normalized isobologram

or the Chou-Chou plot)8–10 as indicated in Fig. 2c.

It should be noted that the Fa-CI plot of Chou–Talalay is

effect-oriented and the historical isobologram is dose-oriented.

Both graphics should yield an identical conclusion regarding

synergism or antagonism since both of them have been

based on the same combination index equation.26,27 This

is a re-statement of eqn (1), which indicates that dose and

effect are interchangeable, and are two sides of the same

coin.1,12,13

In practice, the Fa-CI plot is more useful than the isobolo-

gram since the former provides more information for different

effect levels, as described in ref. 1, p. 634–635, e.g., at three or

more effect levels, the isobologram tends to get crowded which

makes it difficult to read.

The dose-reduction index

One major outcome of synergistic therapeutic effect is its

allowance of reducing the dose and yet retaining the given

effect. The practical consequence of the dose-reduction is the

reduced toxicity toward the host (e.g., the patient).1 The term

dose reduction index (DRI) was introduced to define how

many folds of dose reduction is allowed in the combination

(e.g., a synergistic combination) when compared with the dose

of each drug alone for a given degree of effect.30 The DRI for

each drug of a two-drug combination in a given combination

can be easily obtained by setting the reciprocal of the CI

equation (eqn (3)), as shown in Fig. 2b and c:

ðDRIÞ1¼
ðDxÞ1
ðDÞ1

; ðDRIÞ2 ¼
ðDxÞ2
ðDÞ2

ðDRIÞ1 ¼
ðDmÞ1½fa=ð1� faÞ�1=m1

ðDÞ1
;

ðDRIÞ2 ¼
ðDmÞ2½fa=ð1� faÞ�1=m2

ðDÞ2

ð6Þ

Thus, the Fa-DRI plot10 or the Chou–Martin plot, can be

simulated where DRI = 1, >1, and o1 indicates no dose-

reduction, favorable dose reduction and unfavorable dose

reduction, respectively,1 as shown in Fig. 2c.

The polygonogram

In dealing with complex combinations, such as Chinese herbal

treatment in the traditional Chinese medicine, the trial-and-

error or for-better or for-worse approach is commonly

practised, but it is not scientific. To conduct quantitative drug

combination analysis with four or more components is a

formidable task. For seven anti-HIV agents, there will be

120 different possible combinations, not counting permutations1

Fig. 3 Sample illustration of polygonograms. (a) Heptagonal polygonogram for seven anti-HIV agents using two-drug combinations in vitro.

Details of experimental results leading to this polygonogram are given in ref. 1, section VI.C.3. AZT, 30-azido-30-desoxythymidine; D4T, 20,30-

didehydro-20,30-didesoxythymidine; DDC, 20,30-didesoxycytidine; DDI, 20,30-dideoxyinosinde (all nucleoside reverse transcriptase inhibitors).

NEV, nevirapine (non-nucleoside reverse transcriptase inhibitor); INF, interferone-a-2a; and ABT (ABT-84538, a protease inhibitor). There are

120 possible combinations for 7 drugs. More details are given in ref. 1, section VI. C. 3, Fig. 11 and Table 21–24. The CompuSyn printout

(90 pages) for 2- to 5- drug combinations is given in the ref. 1, supplementary information. Synergism is represented by the solid red line and

antagonism is represented by the broken blue line. The thickness of the line represents the strength of synergism or antagonism. A recommended

semi-quantitative description of the degrees of synergism and antagonism are shown as defined in Table 3. (b) Polygonograms for five antitumor

agents with different mechanisms of action. Crude experimental data and the summary of analytical results are given in ref. 1, Tables 11 and 12

(Data from Chou et al. 1994).23 Further analysis for the complete CompuSyn report for printout is given in the supplementary information of

ref. 1.
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(see Fig. 3). For complex systems, the combination of parts

with other parts, or combination of fractions with other

fractions, using a high throughput automated system will be

an effective approach to the problem. In order to facilitate the

study on complex systems, the concept of ‘‘polygonogram’’

has been introduced,31 as indicated in Fig. 3. It provides a

simple visual illustration of complicated inter-relationships

among different drugs in term of synergism, antagonism, or

additive effects. By using two drug combinations as the

basic components to draw the polygonal graph, it is

possible to project the outcomes of 3-drug and 4-drug combi-

nations, however this only semi-quantitatively. This approach

will be very useful for designing multi-component therapies,

such as for the combination chemotherapy for neoplastic

diseases, anti-HIV cocktails for AIDS, or in traditional

Chinese medicine. The typical examples for the multi-drug

combination discovery using polygonograms have been illu-

strated in Fig. 3.

The experimental design

The experimental design can dictate feasible data analysis and

thus has feasible conclusions. This basic issue can be easily

overlooked, as shown in drug combination studies or in drug

combination clinical trials.1 Most biomedical researchers are

very much preoccupied by the fact of biodiversity and

variability. This is where the statistics set in. Two aspects,

other than biological variability, are equally important. One is

experimental accuracy, which can be limited by many factors,

such as the assay sensitivity limit, calibration of equipment,

extent of training of research workers or inadvertent experi-

mental errors. Another important aspect is experimental

design, such as the experimental control group, investigation

of dose-effect relationship parameters, and the allowance for

quantitative simulation of synergism or antagonism.1 This

article is focused on experimental design and dose-effect

analysis per se, assuming the assays or the measurements are

Table 1 Comparison of two-drug combination experimental design for anti-cancer or anti-viral agents using the Chou–Talalay combination
index (CI) method with recommended dose range, dose density and the diagonal experimental design at a constant combination ratio (e.g., the
median-effect doses ratio)a

In Vitro In Animal In Clinic

Time & effort 1–2 weeks 1–3 months 0.5–2 years
Non-wage cost $300 $4000 Costly

[cells and chemicals] [e.g., nude mice and maintenance] [Multi-million dollars]
Population size > 2 � 106 [cells] 65b–80 (36c–80) [varies]
Quantitative ‘‘synergy’’
determination

Very easy Difficultd [Due to time, effort,
cost, and variability in vivo]

Very difficult for direct quantitative disease measurement
[May use surrogate markers for data collection]
[Use fractionated, repeated doses and optimal conditions]e

Dose range 0, 1
8
, 1
4
, 1
2
, 1, 2, 4, 8 � IC50 0, 1

8
, 1
4
, 1
3
, 1
2
, 3
4
� MTDf 0, 1

4
, 1
3
, 1
2
, 3
5
� MTDf

Dose densityg 5–7 (6) 3–5 (4) 3–4 (3)
Total data points for D1,
D2 alone and (D1+D2)

h
12–21 9–15 9–12

Measurement multicity Duplicate or triplicate
(mean)

5–8/dose group 4–8 patients/dose group

Variabilityi Low Medium High
Liability None Low High
Regulation P2–3 facility Animal protocol Institutional review board and Investigational new

drug application

a The constant ratio diagonal design, as shown in Table 2, is recommended. Usually, the ratio is at or near the median-effect doses ratio

[(Dm)1/(Dm)2] with a serial dilution (2�) of each drug or their mixture and with about half concentrations below and above the Dm for an

appropriate dose range and dose density of the dose-effect curves (D1, D2, and [(D)1 + (D)2] form a diagonal scheme design). b Examples are given

in ref. 18 (Using CI method, with only 65 nude mice for Taxotere + T-compound combination studies). c Examples are given in ref. 37

(Determined CI values for AZT+IFNa with only 36 patients involved. The accurate surrogate marker assays allow the use of low patient

numbers). d The exploratory animal drug combination studies should keep in mind that the ultimate goal is to be amendable for clinical trials

[e.g., the feasible doses for interspecies conversion using the denominator of body surface (m2); route (if i.v. infusion, should include duration of

infusion time); schedule optimization and cycle of treatments. Single drug alone and their combination should be carried out under the same

experimental (trial) conditions. e Human trial protocol should be based on preclinical animal data, not based on the drug’s mechanisms, and the

experimental explorations should be carried out as much in animals as possible, rather than in humans, due to efficiency, cost, and ethical

considerations. In vivo, each drug has their intrinsic pharmacological properties and their optimal experimental conditions. Drug combinations to

be carried out only at each of their optimal conditions (e.g., dose, route, schedule). D1 and D2 can be given simultaneously, or sequentially

(D1 follows D2, or D2 follows D1), based on the preclinical data. f Treatment termination due to excessive toxicity depending on the protocol’s

specifications or voluntary withdrawals. MTD, maximal tolerated dose. g The recommended practical number of doses for each drug alone or their

combinations are given in the parenthesis (at a constant combination ratio). For the combinations, the dose number can be equal, lower, or higher

than the recommended number. The theoretical minimum assuming accurate measurement is two doses for each drug alone and one dose for the

combination,1 but this is not recommended for practical and variability reasons. The dose numbers given here represent the lower limit, as

indicated in ref. 18 for animals and ref. 19 for clinical trials. The number of animals per dose or the number of patients per dose is dependent on the

variability and accuracy of the data. In ref. 18, it is 5 and in ref. 19, it is 4. h The suggested data points are: in vitro use the average of duplicated or

triplicate assays; in animals, 4 or more animals per dose; in clinics, 4 or more patients per dose. The diagonal design for each drug alone and their

constant ratio combination is recommended. i For practical, cost, and ethical considerations, the suggested r value (the linear correlation

coefficient of the median-effect plot)1,10 are: for in vitro (Z 0.96), in animals (Z 0.94), and in clinics (Z 0.92).
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accurate and reliable, then deciding on what should be the

proper experimental design and data analysis for the specific

purpose. Thus, data analysis and data accuracy are different

issues. This article also emphasizes whether the experimental

data conform to the fundamental mass-action law by routinely

determining the r value which is the correlation coefficient of

the median-effect plot.8–10

To facilitate the dose-effect analysis of single drugs in vitro,

in animals or in clinics, we need to consider the proper dose

range, dose density, sample size, end-point of measurement,

number of subjects per dose, variability, liability and regulatory

constriants.1,14,15 For multiple drug combination studies,

experimental designs have additional essential requirements.

The most important prerequisite requirement for synergy

determination is that each drug alone should have a dose-effect

curve, hereby, the potency parameter (Dm) and the shape

parameter (m) of the mass-action law can be determined from

the dose-effect relationship1,21 using these parameters of each

drug and substituting them into the combination index

equation for the CI determination which describes synergism

(CIo1), antagonism (CI>1) or additive effects (CI = 1)

(Fig. 2c). The major features of the unified theory of MEE

are quantitative and it requires only a small number of data

points in the dose-effect curve.1 These features can be incor-

porated into the experimental design for either single drugs or

drug combinations, as indicated in Table 1 for in vitro, in

animals, and in clinical studies. The recommended scheme of

diagonal design for two drug combination at a constant ratio

[e.g., equal to or near (Dm)1/(Dm)2 ratio] has been given in

Table 2. For three drug combinations (A+B+C), its outcome

can be ‘‘dissected’’ into A+B, B+C, A+C (for further insight

information, see ref. 1, p. 640, Fig. 10).

For drug combinations, the scheme of layout plays an

important role for using a small number of data points. The

constant combination ratio-diagonal scheme, as described in

Table 2, can easily reduce the data points by one-half or more,

as illustrated in ref. 1, Table 8 and 9. The checkerboard or

Latin-square design allows the combinations at multiple

ratios, if desired. For drug combination in animals, as few as

65 nude mice had been used with the CI method for the anti-

tumor xenograft studies.18

Although the focus of the present article is on the mass-

action law, the variability is always an issue in biological

research. Sometimes the side issue can eclipse the main

purpose of the studies. Using the uniformed population/

subjects is always desirable on one side and the improved

accuracy and precision of measurement/assay on another side

can be attributable to scientific/technological advancement.

On the human side, the well trained and skilled researcher,

who is knowledgeable in both theory and practice of the mass-

action law principle, is essential. All sides converge to create

an efficient and low-cost econo-green bio-research. In this way,

we can avoid spending too much time and effort dealing with a

diverse mixed population with variable data, or struggling

with statistics to overcome unreliable or insufficiently accurate

data. The low variability and high accuracy are criteria or

pre-requisites but not the aim per se for biological studies. The

derivation of MEE and CI equations per se did not involve any

statistics at all. However, efforts have been made to test the

conformity of the data set to the mass-action law (i.e., the r

value, which represents the linear correlation coefficient of the

median-effect plot).7,8 Toward the end of analysis, it also made

available the serial deletion analysis (SDA)1,10 for iterative

reanalysis to assess/assure the high reliability/low variability of

the data for drawing conclusions.

It is important to note that data analysis and data varia-

bility are separate issues. The present theory is focused on how

to analyze data rigorously, explicitly and effectively using a

small number of data points when the data are accurately and

reliably acquired. The number of animals per dose usually

ranges from 3 to 6, depending on the accuracy/variation of

measurements or assays. The higher accuracy and the lower

variability allow a smaller number of animals to be used. For

the anti-tumor xenograft experiments in nude mice, we usually

used only 3 to 5 mice per dose or per dose schedule. Numerous

examples of these have been reported by Chou et al..32–36

In the therapeutic studies (e.g., xenograft experiments), we

encounter efficacy and toxicity at the same time. For example,

the ratio of the maximal tolerated dose vs. the optimal

therapeutic dose is the therapeutic index that defines the

usefulness of a drug. However, the measurements of dose-

effect relationships for both efficacy and toxicity still follow the

median-effect principle of the mass-action law, so that they can

be studied separately since the endpoints of measurements are

different and the Dm, m, and r values are also different.

Based on the MEE, we require a minimum of only two data

points to draw a specific dose-effect curve, which defies the

widely held belief that with two data points, only a straight

line can be drawn. Chou has indicated the theoretical minimum

of requiring only 5 data points for synergy determination for

the combination of two drugs (i.e., each drug needs a mini-

mum of two doses, and the combination require a minimum of

only one dose).1 This showed the power of MEE, although

using the theoretical minimum is not recommended due to

Table 2 The proposed diagonal experimental design showing the outlay of dose range and dose density of two drugs for drug combination
analysis (from Chou, 1991)7

Drug 1

0 0.25X (ED50)1 0.5X (ED50)1 (ED50)1 2X (ED50)1 4X (ED50)1

Drug 2 0 Control (fa)0 (fa)1 (fa)1 (fa)1 (fa)1 (fa)1
0.25X (ED50)2 (fa)2 (fa)1,2
0.5X (ED50)2 (fa)2 (fa)1,2
(ED50)2 (fa)2 (fa)1,2
2X (ED50)2 (fa)2 (fa)1,2
4X (ED50)2 (fa)2 (fa)1,2
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practical or intrinsic variability. The proper design is suggested

to use 5–7 doses (concentrations) for in vitro studies, 3–5 doses

for animal experiments and 3–4 doses for clinical trials, with

specific references cited in Table 1. These are the recommen-

dations for the low-end number of doses and the number of

subjects per dose with a conservation and econo-green design

in mind. The guidelines for the recommended semi-quantitative

description or symbolic expression of synergism, additive

effects, or antagonism is given in Table 3.

This author has practised the MEE principle during the past

few decades in his research and drug discovery projects, and is

convinced that this approach has played an important role in

the efficient and effective drug discovery research in conjunc-

tion with his organic chemistry colleagues.

The comparison of two clinical trials

As indicated above, drug combination has been widely used in

the therapy of some of the most dreadful diseases, such as

cancer and AIDS, in an attempt to achieve synergistic therapy.

Two recently published anti-HIV clinical trials are summarized

below to illustrate the importance of experimental design and

data analysis. One study on AZT+3TC used a statistical

approach with 366 patients37 and another on AZT+Interferona
used the combination index (CI) method of Chou–Talalay21

with only 36 patients.19 The AZT+3TC clinical trials used

only one dose of AZT and two doses of 3TC and calculated

the differences of effects between single drug and combination

to be p o0.001, but this p value could not conclude synergism

because the experimental design only allowed the conclusion

to show that the combined effect is greater than the effect of

each drug alone. However, A+B >A or A+B >B is an

axiom that requires no proof, regardless of the p value. The

conclusion that the combined effect is greater than each drug

alone is not proof of synergy. In addition, the superior

combination effect, if shown, may be valid only for that

particular dose but may not be valid at other doses. Further-

more, it is not possible to have the m and Dm values for a drug

at one single dose, which are required for the CI or synergy

determination. By contrast, in the AZT+Interferona case,

they determined the CI values by using both drugs at 3 doses

and concluded that they are synergistic in efficacy against HIV

and also antagonism in toxicity toward the host19 by using

only 36 patients in comparison with 366 patients for the

Table 3 How much synergism is synergy? Description and symbols of synergism or antagonism in drug combination studies analyzed with the
combination index method

Range of combination index Description Graded symbols Graphic symbols

o0.1 Very strong synergism +++++

0.1–0.3 Strong synergism ++++

0.3–0.7 Synergism +++

0.7–0.85 Moderate synergism ++

0.85–0.90 Slight synergism +

0.90–1.10 Nearly additive �

1.10–1.20 Slight antagonism �

1.20–1.45 Moderate antagonism � �

1.45–3.3 Antagonism � � �

3.3–10 Strong antagonism � � � �

>10 Very strong antagonism � � � � �

The combination index method is based on those described by Chou and Talalay21 and the computer software of Chou and Martin.10 The ranges

of CI and the symbols are refined from those described earlier by Chou.7 CIo1, =1, and >1 indicate synergism, additive effect, and antagonism,

respectively [modified from Chou and Martin].10
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AZT+3TC case. These clinical trials are costly and lasted

about four years. Both of these clinical trials had used very

sensitive assays for surrogate markers (e.g., HIV-RNA, p24

antigen or CD4
+ cells) and had used fractionated repeated

doses. The in vivo quantitation of dose-effect is a practical

problem in assessing the target for accurate measurements or

in overall disease evaluation. The surrogate markers at

molecular and cellular levels are very important for studies

in animals or in humans. The surface antigens and the

intracellular mechanics can be frequently monitored quantita-

tively by a tracing method, by labeling with radioactivity or

with fluorescent marker, such as colored proteins.38 The

careful selection of markers with relevance and accuracy of

measurement would facilitate the success of the studies.

The above side-by-side comparison of two clinical trials

clearly reveals the importance of experimental design and data

analysis and raises the scientific, economic, and ethical issues

for the AZT+3TC clinical trials that used the p values

(p o0.001) for drawing their conclusions, based on

A+B>A or A+B>B, which is not the definition of synergy.

Thus, the MEE based CI method not only quantifies synergy,

but also uses a much fewer number of patients in the clinical

trials, which also translates to reduced time, effort and cost. It

also represents a more ethical practice by avoiding excessive

patient involvement in clinical trials.

The drug combinations with practical bioinformatics

From the above theoretical and experimental discussions, it is

clear that the mass-action law based MEE provides important

knowledge for multiple entity bioinformatics in drug combi-

nations.1 These include: (i) Is there any synergy? (ii) How

much synergy? (iii) Synergy at what effect level? (iv) Synergy at

what dose level? (v) How many folds of dose-reduction for

each drug is allowed as a result of synergistic combination?

(vi) What is the best combination ratio for maximal synergy?

(vii) What are the optimal conditions (temperature, pressure,

pH, oxygen tension, etc.) for synergistic combination? (viii)

What is the best schedule for maximal synergy? (ix) How to

use MEE to design single drug or drug combination studies

using a small number of data points? Using fewer animals in

in vivo studies? And using smaller numbers of patients in

clinical trials? (x) How would the external environment or

microenvironment, such as temperature, pressure, pH, ionic/

osmotic gradient, oxygen tension, and electrical impulse affect

the single agent’s mass-action law parameters (the Dm, m,

and r values), or influence the outcomes of synergism or

antagonism in drug combinations (the CI value)? and (xi)

How to design a combination involving many components for

multiple drug chemotherapy for cancer or anti-HIV cocktail for

AIDS? The median-effect principle of the mass-action law can

be used to translate all of the above into useful bioinformatics.1

Conclusions and future directions

The principle of the unified theory of the median-effect

equation based on the mass-action law has been proven to

be a quantitative, efficient, and cost-effective way of extracting

useful and practical bioinformatics. Its algorithms for

quantitative single drug analysis, as well as for defining

synergy, are the most vivid examples that have far-reaching

utilities on drug discovery, as well as its rational design and

data evaluations, as indicated above. A host of other applica-

tions, such as low-dose risk assessment for carcinogens, toxic

substance and radiation, receptor topology analysis for ligand

exclusivity and competitiveness, research animal conservation,

agricultural and domestic pest control, epidemiological

projections, the efficient drug discovery process, and the

rational, ethical, clinical protocol design remains to be further

explored. The application of the MEE theory for conducting

small size experimentation in vitro, in animals, and in clinics by

using a small number of data points alone can be translated

into a green revolution in biomedical sciences.
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