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1. ABSTRACT

Applying the E,,. model in a Lowe additivity
model context, we analyze data from a combination study
of trimetrexate (TMQ) and AG2034 (AG) in media of low
and high concentrations of folic acid (FA). The E,,,, model
provides a sufficient fit to the data. TMQ is more potent
than AG in both low and high FA media. At low TMQ:AG
ratios, when a smaller amount of the more potent drug
(TMQ) is added to a larger amount of the less potent drug
(AG), synergy results. When the TMQ:AG ratio reaches
0.4 or larger in low FA medium, or when the TMQ:AG
ratio reaches 1 or larger in high FA medium, synergy is
weakened and drug interaction becomes additive. In
general, synergistic effect in a dilution series is stronger at
higher doses that produce stronger effects (closer to
1-E,.) than at lower dose levels that produce weaker
effects (closer to 1). The two drugs are more potent in the
low compared to the high FA medium. Drug synergy,
however, is stronger in the high FA medium.
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2. INTRODUCTION

Due to complex disease pathways, combination
treatments can be more effective and less toxic than
treatments with a single drug regimen. Successful
applications of combination therapy have improved
treatment effectiveness for many diseases. For example,
the combination of a non-nucleoside reverse transcriptase
inhibitor or protease inhibitor with two nucleosides is
considered a standard front-line therapy in the treatment of
AIDS. Typically, a combination of three to four drugs is
required to provide a durable response and reconstitution of
the immune system (1). Another example is platinum-based
doublet chemotherapy regimens as the standard of care for
patients with advanced stage non—small-cell lung cancer (2).
Combination treatments have also been shown to prevent
and to overcome drug resistance in infectious diseases such
as malaria and in complex diseases such as cancer (3, 4).
Emerging developments in cancer therapy involve
combining multiple targeted agents with or without
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chemotherapy, or combining multiple treatment modalities
such as drugs, surgical procedures, and/or radiation therapy
(5, 6).

How do we assess the effect of a combination
therapy? It is a simple question, yet it requires a complex
answer. A superficial way to answer the question is to
determine that a combination therapy is working if its
effect is greater than that produced by each single
component given alone. The notion of classifying drug
interaction as additive, synergistic, or antagonistic is logical
and easily understood in a general sense, but can be
confusing in specific application without consensus on a
standard definition. Excellent reviews of drug synergism
have been written by Berenbaum (7), Greco et al (8),
Suhnel (9), Chou (10), and Tallarida (11), to name a few. In
essence, to quantify the effect of combination therapy, we
must first define drug synergy in terms of “additivity.” An
effect produced by a combination of agents that is more (or
less) than the additive effect of the single agents is
considered synergistic (or antagonistic). Then, we must
further assess drug interaction in a statistical sense. Under a
more rigorous definition, synergy occurs when the
combined drug effect is statistically significantly higher
than the additive effect. Conversely, antagonism occurs
when the combination effect is statistically significantly
lower than the additive effect.

Despite the controversy arising from multiple
definitions of additivity or no drug interaction, the Loewe
additivity model is commonly accepted as the gold standard
for quantifying drug interaction (7-11). The Loewe

additivity model is defined as
A4 4.
D 1 D .2

v

(E1)

Here y is the predicted additive effect at the combination
dose (d;, d;) when the two drugs do not interact. D,,; and
D, are the respective doses of drug 1 and drug 2 required
to produce the same effect y when used alone. Note that the
Loewe additivity can be easily demonstrated in a “sham
combination” (i.e., a drug combined with itself or its
diluted form). For example, suppose drug 2 is a 50%
diluted form of drug 1. The combination of one unit of
drug 1 and one unit of drug 2 will produce the same effect
as 1.5 units of drug 1 or 3 units of drug 2. Plugging the
respective values in equation (£1), we have 1/1.5+ 1/3 =1.
Given the dose-effect relationship for each single agent, say
E(d)= f{(d) for agent i (=1,2), D,; can be obtained by
using the inverse function of £;, say, /(). Replacing D,

and D, in equation (E1) with f'0) and £,
respectively, we can rewrite equation (£1) as
S S (E2)
Sy ) Sy )

Note that (E2) involves an unknown variable y. By solving
equation (£2), the predicted additive effect y,,; can be
obtained under the Loewe additivity model. Denote that
the observed mean effect is y,, at the combination dose (d,
d;). The drug combination at that dose is considered
synergistic, additive, or antagonistic when the effect y,,, is
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greater than, equal to, or less than y,4,, respectively. When
the dose-effect curve is decreasing (or increasing), a
synergistic effect corresponds to a smaller (or larger) value
than the predicted quantity.

Alternatively, to measure and quantify the

magnitude of drug interaction, the interaction index (/) can
be defined as

., (E3)

Note that /7 < 1, II =1, and /I >1 correspond to the drug
interaction being synergistic, additive, and antagonistic,
respectively.  Chou and Talalay (12) proposed the
following median effect equation (E4) to characterize the
dose-effect relationship in combination studies:

(d /EDg,)"

G TEPse) (E4)
1+ (d/EDy,)"

E(d) =

>

where EDs, is the dose required to produce 50% of the
maximum effect. Although the median effect equation can
be applied in many settings, it assumes that when m is
positive, E(d)=0 for d=0 and E(d)=1 for d=co. On the other
hand, when m is negative, E(d)=1 for d=0 and E(d)=0 for
d=c. If we assume that the data follow the median effect
equation, a linear relationship can be found by plotting
the logit transformation of the effect versus the
logarithm transformed dose. A more detailed account of
the interpretation and use of the interaction index can be
found in a number of references (13-16). Several
methods for constructing the confidence interval
estimation of the interaction index were proposed by
Lee and Kong (17).

To help advance research developing and
comparing methods for analyzing data for combination
studies, Dr. William R. Greco at the Roswell Park
Cancer Institute has organized an effort and invited
several groups to participate in an exercise to compare
rival modern approaches to model data from two-agent
concentration-effect studies. We describe the data and
statistical methods, including the E,, model, and the
calculation of the interaction index under the E,,,, model
in Section 3. We describe an exploratory data analysis
in Section 4, and data preprocessing for outlier rejection
and standardization in Section 5. We present the main
results of the data analysis in Section 6 and summarize
our findings in Section 7. We close with a discussion in
Section 8.

3. STATISTICAL METHODS

3.1. Data sets

Two data sets provided by Dr. Greco are used to
examine the effect of the combination treatment of
trimetrexate (TMQ) and AG2034 (AG) in HCT-8 human
ileocecal adenocarcinoma cells. The cells were grown in a
medium with two concentrations of folic acid: 2.3 uM (the
first data set, called low FA) and 78 uM (the second data
set, called high FA). Trimetrexate is a lipophilic inhibitor



Emax model and interaction index for drug interaction

of the enzyme dihydrofolate reductase; and AG2034 is an
inhibitor of the enzyme glycinamide ribonucleotide
formyltransferase. The experiment was conducted on 96-
well plates. The endpoint was cell growth measured by an
absorbance value (ranging from 0 to 2) and recorded in an
automated 96-well plate reader. Each 96-well plate
included 8 wells as instrumental blanks (no cells); the
remaining 88 wells received drug applications. The
experiments were performed using the “ray design,” which
maintains a fixed dose ratio between TMQ and AG in a
series of 11 dose dilutions. With 88 wells in each plate,
each 5-plate stack allowed for an assessment of the
combination doses at 7 curves (i.e., design rays) plus a
“curve” with all controls. Two stacks were used for
studying 14 design rays: TMQ only, AG only, and twelve
other design rays with a fixed dose ratio (TMQ:AG) for
each ray. The fixed dose ratios in the low FA experiment
were 1:250, 1:125, 1:50, 1:20, 1:10, 1:5 (2 sets), 2:5, 4:5,
2:1, 5:1, and 10:1. The fixed dose ratios in the high FA
experiment were 1:2500, 1:1250, 1:500, 1:200, 1:100, 1:50
(2 sets), 1:25, 2:25, 1:5, 1:2, and 1:1. Data from each of the
16 curves (2 for controls, 2 for single agents, and 12 for
combinations) are grouped together. Curves 1-8 were
performed on the first stack with curve 8 serving as the
“control” experiment while curves 9-16 were performed on
the second stack with curve 16 serving as the “control”
experiment. The assignment of different drug combinations
to the cells in the wells was randomized across the plates.
Five replicate plates were used for each set of two stacks,
resulting in a total of 10 plates for each of the two medium
conditions (low FA and high FA). The maximum number
of treated wells per medium condition is 880 (16 curves x
11 dilutions x 5 replicates). Complete experimental details
and mechanistic implications were reported by Faessel et al

(18).

3.2. E,,,. model

Due to a plateau of the measure of cell growth
such that it does not reach zero at the maximum dose levels
used in the experiments, the median effect equation (£4)
does not fit the data. Instead, we take the E,,, model (19)
to fit the data at hand.

(E5)

m_ax

E(d)=E, - E
1+ (d /ED,,)

max

where E, is the base effect, corresponding to the
measurement of cell growth when no drug is applied; E,,,,.
is the maximum effect attributable to the drug; EDjs, is the
dose level producing half of E,,,; d is the dose level that
produces the effect E(d), and m is a slope factor (Hill
coefficient) that measures the sensitivity of the effect
within a dose range of the drug. Thus, E, —E,,, is the
asymptotic effect when a very large dose of the drug is
applied. Figure 1 shows a few examples of the E,,,, model
where E) is assumed to be 1. The parameter m governs how
quickly the curve drops. For the three cases in the first row
in Figure 1, EDs, is fixed at 2 and E,,, is at 0.8, while the
slope varies. When m=1 (Figure 1.A), the dose-response
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curve drops slowly; when m=5 (Figure 1.B and E), a
sigmoidal curve is formed, and when m=20 (Figure 1.C and
F), the drop of the sigmoidal curve becomes very steep. In
the three curves in the first row, as the dose increases, the
curves drop, and the effect asymptotes to 1 —E,,,, = 0.2. In
the second row, the three plots are set at £,,,, = 1, which
means that as the dose increases, the treatment will reach
the theoretical full effect. For example, if the measure of
the treatment effect is cell count, all the cells will be killed
at very high doses of the treatment when £, = 1. The
figures also show that, as EDs, increases, the curves shift to
the right, indicating that the treatment is less potent. In all
cases when m increases, the effect drops more rapidly. We
apply the nonlinear weighted least squares method to
estimate the parameters in the E,, model. Due to the
heteroscedascity observed in the data, which means that the
variance increases as the observed response increases, we
use the reciprocal of the fitted response as the weight
function (20). We use S-PLUS, R (21), and SAS (22) to
carry out the estimation.

3.3. Interaction index under the E,,,, model

As when using the median effect model, the E,,,.,
model can be applied to fit the single-drug and combination
drug dose-response curves, and then the interaction index
can be calculated accordingly. Although equation (E5)
allows for different values of E, and E,,, for different
curves, when calculating the interaction index, we need to
assume all curves have the same E, so that the “base
measure” of no drug effect is the same in all curves. This
can be achieved by dividing all of the effect measures with
the mean of the controls. Note that E,, can vary in
different curves to signify different drug potencies.
However, the calculation of the interaction index will be a
little more complicated when different drugs or
combinations produce different values of £,,,,,.

Hereafter, we assume the dose-response curve
follows the E,,,. model given in (E£6):

E,,. (E6)

E(d)=1-E
1+ (d /EDy,)

max

The experiments we analyzed studied the ability of the
combination treatments to inhibit the growth of cancer cells.
The measure of the treatment effect was cell growth
corresponding to the number of cells observed. Hence, the
height of the dose-effect curve decreases when the dose
increases. In this case, we have m > 0. In addition, as d
goes to infinity, the effect plateaus at 1-E,,,,. Hence, E,,.
must be between 0 and 1.

In a study of two-drug combinations, we need to
fit three curves using the E,,, model: curve 1 for drug 1
alone, curve 2 for drug 2 alone, and curve ¢ for the drug
combinations. Denote E,,. ; , EDs ;, and m; as the three
parameters for drug i (i=1,2, ¢). Given an effect e (e>1-
E,..), the corresponding dose d(e) can be calculated as
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Figure 1. Dose-response curves under the E,,, model by varying the parameters E,,,,, EDsy, and m.

1/m
l-e
e-1+E,

Note that the dose for the combination treatment is simply
the sum of the doses of the single agents. This approach
works well for a ray design with constant or varying
relative potency between the two drugs (12, 17). Without
loss of generality, we can assume that E,,,. ; > E,. 2. In
addition, we assume that the dose ratio for the two drugs in
the combination treatment (d.=d;+d,) is fixed with d;/ d,
=p. Upon fitting the three dose-response curves, the

d(e)=EDm[ (ET)

interaction index at a fixed effect e where e € (1 - ]2‘” be

nax,c

calculated as follows:
g _d(e)xp/1+p) d(e)/1+p)

i = . for 1_11:,%2 <e<], and
D)ml(e) D)"vl(e) (ES)
=2 P5P) py b ce<i-E, .
D, (e)
For e<1-E the interaction index cannot be

max,1 2
calculated. However, the combination effect in this range is
more than additive because it reaches an effect level that no
single agent can achieve alone. If E,, ; = E,u » the
interaction index can be calculated using the first formula
in (E8).

3.4. Confidence interval for the interaction index

We can apply the delta method to calculate the
(large sample) variance of the interaction index (23). From
our previous work (17), we found that better estimation of
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the confidence interval for the interaction index can be
achieved by working on the logarithmic transformation of
the interaction index.

By applying the delta method, Var(log(1l)) = ,\12 Var(11 ).

11
When | - 1::,,,“ , < e<l,the variance of // can be calculated by
a 2 a 2
Var(ir)=| de(e)xp /(0x p) |y fd(e)/(1xp) )y,
D,,(e) D,,(e)
- - 2
dg(e)Axp/(l-#p)Jrd((eﬁ)/(1+p) v, (E9)
D, (e) D, ,(e)
ifl-E,, , <e<l-E,, ,, then
. 2
Var(1l ) = w V, +7.). (E10)
D, (e)
where
.
le=1+E,,)
V= A;l ; 7%log l_eA Var[EAm‘,EDso‘r,r;l‘) Al
me=1+E.) pp,, M e-l+E,, ) EDsi
,i]o l-e
i eIvE,,

for i=1, 2, c.

A

Upon calculation of the variance for log( I/ ), the point-
wise (1-a)100% confidence interval for the interaction
index (/) for a specified effect can be constructed as

[flexp(za,zd Var(log(I1)), Hep(, 2| Varﬂog(ff))J (E11)
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where z,,, is the upper o/2 upper percentile of the

standard normal distribution. We also construct the
simultaneous confidence band for the interaction index
over the range of estimated responses. Because the
estimation process involves estimating nine parameters
from three curves, to construct a Scheffe-type simultaneous
confidence band, we simply replace z,,,in equation (E£11)

by (chi’,(@))""* where p=9 (24).

3.5. Data analysis plan

The overall objective of the data analysis is to
assess the synergistic effect of the combination of TMQ
and AG in both low and high FA media. We apply the
exploratory data analysis first, and then estimate the dose-
response relationship using the E,, model. We evaluate
the drug interaction by calculating the interaction index
under the Loewe additivity model. We perform an
exploratory data analysis in order to understand the data
structure and patterns and to determine whether
preprocessing of the data in terms of outlier rejection and
standardization would be required prior to data modeling.
We analyze the low FA and high FA experiments
separately then compare the results. For each experiment,
we apply the E,,,. model to fit the two marginal and twelve
combination dose-response curves. We compute the
interaction index and its 95% confidence intervals for each
of the twelve combinations, and assess the overall pattern
of drug interaction by examining the interaction index from
the 12 fixed-ratio combinations together. We apply a one-
dimensional distribution plot via the BLiP plot (25) to
display the data. We use a two-dimensional scatter plot, a
contour plot, and an image plot as well as a three-
dimensional perspective plot to show the dose-response
relationship. We also apply a trellis plot (26) to assemble
the individual plots together into consecutive panels
conditioning on different values of fixed dose ratios.

4. EXPLORATORY DATA ANALYSIS

As in all data analyses, we begin with an
exploratory data analysis. For the low and high FA
experiments, there are 871 and 879 readings, respectively.
Only 9 and 1 observations, respectively, are missing out of
a maximum of 880 readings in each experiment. The data
include designated curve numbers ranging from 1 to 16
and data point numbers ranging from 1 to 176. Each
curve number indicates a specific dose combination. We
re-label the curves as A-P where A and B correspond to
the control (no drug) curves; C and D correspond to the
curves of TMQ and AG administered alone, and curves
E through P correspond to the combination curves with
fixed dose ratios in ascending order. Each point number
indicates the readings at each specific dilution of each
curve. Because five duplicated experiments were
performed, there are up to five readings for each specific
point number. There is, however, no designation of the
plate number in the data received. Figure 2 shows the
variable percentile plot of the distribution of the effect
from the low FA and high FA experiments using the
BLiP plot, with each segment corresponding to a five
percent increment (25). The plot gives an overall
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assessment of the distribution of the outcome variable of
cell growth without conditioning on experimental
settings. The middle 20% of the data (40" to 60™
percentiles) are shaded in a light orange color. This
figure indicates that the data have a bimodal distribution
with most data clustered around either a low value of
0.2 or a high value of 1.2. For the low FA experiment,
the distribution of the effect ranges from 0.072 to 1.506
with the lower, middle, and upper quartiles being 0.149,
0.449, and 1.150, respectively. Similarly, for the high
FA experiment, the effect ranges between 0.070 and
1.545. The three respective quartiles are 0.213, 0.990,
and 1.1495. The median of the data from the low FA
experiment is smaller than the median of the data from
the high FA experiment. The bimodal distributions
could result from steep dose-response curves. As a
consequence, the slope may not be estimated well in
certain cases.

To help understand the pattern of the fixed ratio
dose assignment in a ray design and the relationship
between the fixed ratio doses and curve numbers, we
plot the logarithm transformed dose of TMQ and AG in
Figure 3 for both the low FA and high FA experiments.
As can be seen, curves A and B are the controls with no
drugs. Curves C and D correspond to the single drug
study of TMQ and AG, respectively. Curves E through P
are the various fixed ratio combination doses of TMQ
and AG. Note that curves J and K have the same dose
ratios. Within each curve, the 11 dilutions are marked
by 11 circles. For the combination studies, the curves
for different dose ratios are parallel to each other on the
log dose scale. If the same plot is shown in the original
scale, these lines will form “rays,” radiating out from
the origin like sun rays. Hence, the term “ray design” is
an appropriate name for this type of experiment. The
corresponding dose ranges used for each drug alone are
5.47%X10° to 0.56 uM for TMQ in both the low FA and
high FA experiments, and 2.71 X 107 to 2.78 uM for
AG2034 in the low FA experiment and 2.71 X 10 to
27.78 uM in the high FA experiment.

Figures 4 and 5 show the raw data of the effect
versus dose level by curve for the low FA and high FA
experiments, respectively. Instead of using the actual dose,
we plot the data using a sequentially assigned dose level to
indicate each dilution within each curve such that the data
can be shown clearly. In addition, the data points at each
dilution for each curve are coded from 1 to 5 according to
the order of the appearance in the data set. We assume that
these numbers correspond to the replicate number for each
design point (the well position in the stack of 5 plates).
Because the plate number was not listed in the data, we are
not certain that this is the case. From the plot, we can see
that there are outliers in several dilution series. Of note, in
Figure 4, the effects from plate (replicate) #1 in curves B, E,
F, and K tend to be lower than all other replicates. There
are also some unusually large values, for example, in
replicate 2 in curve A, dose level (dilution series) 6;
replicate 3 in curve L, dose level 4; and replicate 2 in curve
M, dose level 1. Similar observations can be made for the
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Figure 2. Variable width percentile plot for the observed effect in experiments with low and high folic acid media. Each vertical
bar indicates a five percent increment. The middle 20% of the data are shaded in a light orange color.

high FA experiment: plate #1 seems to have some low values
in curves B, C, H, I, and J, and plate #4 seems to have some
low values in curves E, K, N, O, and P. These findings indicate
that certain procedures need to be performed to remove the
obvious outliers in order to improve the data quality before the
data analysis.

Figure 6 shows the perspective plot, contour plot,
and image plot for the low FA experiment. From the
perspective plots in Figure 6.A (back view), B (front
view), and C (side view), we can see that the effect
starts at a high plane plateau at an effect level of about
1.2 when the doses of TMQ are AG are small. As the dose
of each drug increases, the effect remains approximately
constant for a while and then a sudden drop occurs. This
steep downward slope can be found by taking the
trajectory of any combination of the TMQ and AG
doses; it is also evident in the dose-response curves
shown in Figures 4 and 5. The steep drop of the effect
can also be found in the contour plot and the image plot.
Similar patterns in the dose-response relationship are
shown in Figure 7 for the high FA experiment. The steep
drop of the effect occurs at smaller doses in the low FA
experiment and at larger doses in the high FA experiment.

5. DATA PREPROCESSING: OUTLIER
REJECTION AND DATA STANDARDIZATION

5.1. Outlier rejection
To address the concern that outliers may adversely
affect the analysis outcome, we devise the following simple
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plan.  For each of the 176 point numbers (16 curves x 11
dilutions), the five effect readings should be close to each other
because they are from replicated experiments. However,
because the plate number is not in the data set, we cannot
assess the plate effect. Neither can we reject a certain replicate
plate entirely should there be a plate with outlying data, nor
apply a mixed effect model treating the plate effect as a
random effect. For the four or five effect readings in each point
number (only 9 point numbers in the low FA and 1 in the high
FA experiments have 4 readings), we compute the median and
the interquartile range. An effect reading is considered an
outlier if the value is beyond the median + 1.4529 times the
interquartile range. If the data are normally distributed (i.e.,
follow a Gaussian distribution), the range expands to cover the
middle 95% of the data. Hence, only about 5% of the data
points (2.5% at each extreme) are considered outliers. The
number 1.4529 is obtained by qnorm(.975)/( qnorm(.75) -
gnorm(.25)) where gnorm(x) is a quantile function which
returns the x™ percentiles from a normal distribution. Upon
applying the above rule, 129 out of 871 (14.8%) effect
readings in the low FA experiment and 126 out of 879 (14.3%)
in the high FA experiment are considered outliers and are
removed before proceeding to further analysis. The
numbers of outliers in replicates 1 to 5 are 60, 28, 19, 14,
and 8 for the low FA experiment and 35, 18, 21, 34, and
18 for the high FA experiment, indicating a non-random
pattern of outliers that could be attributed to
experimental conditions. Note that the outlier rejection
algorithm is only applied “locally.” In other words, it
only applies to the replicated readings up to five
replicates in each of the 176 experimental conditions.
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Figure 3. Experimental design showing the logarithmically transformed AG2034 (AG) dose versus the logarithmically
transformed trimetrexate (TMQ) dose in the fixed ratio experiments. 16 curves are shown. Curves A and B are controls; no drugs
applied. Curves C and D are single-drug studies for TMQ and AG, respectively. Curves E through P are the combination drug
studies. Each curve has 11 dilutions shown in circles. Panel A: low folic acid medium. Panel B: high folic acid medium.

5.2. Data standardization

After outliers are removed from the data, we
compute the mean of the control curves. The means for
curves 8 and 16 are 1.1668 and 1.1534 for the low FA
experiment and 1.1483 and 1.1477 for the high FA
experiment, respectively. To apply the E,, model in
equation (E6) with E, = 1, we standardize the data by
dividing the effect readings of respective curves 1-7 by the
mean of curve 8 and the effect readings of respective
curves 9-15 by the mean of curve 16.

6. RESULTS

6.1. Results for the low folic acid experiment

The E,.. model in equation (E6) is applied to fit
all of the dose-response curves. For the low FA experiment,
the parameter estimates, their corresponding standard errors,
and the residual sum of squares are given in Table 1. The
dose-response relationships showing the data and the fitted
curves are displayed in Figure 8. Note that although model
fitting is performed on the original dose scale, the dose is
plotted on the logarithmically transformed scale to better
show the dose-response relationship. The fitted marginal
dose-response curves for TMQ (curve C) and AG (curve D)
are shown in a blue dashed line and a red dotted line,

respectively. From Table 1, we see that EDso is 0.00133
for TMQ and 0.00621 for AG, indicating that TMQ is
about 4.7 times more potent than AG at the ED,, level. For
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curves E through P, the fitted dose-response curve for the
combination treatment is shown as a solid black line
superimposed on the marginal dose-response curves. The
proposed E,,,. model fits all curves well except for curves
G, H and K. For curve G, although the model estimates
converge in an initial attempt, the parameter m is estimated
with a standard error of 30.3. The large standard error
essentially indicates that the estimate m is not reliable. For
curve K, the model does not converge on the original dose
scale but converges on the logarithmically transformed
dose scale. However, the standard error of the estimate m

is still very large, which leads us to believe that the model
is not very stable. For curve H, as can be seen in Figure 8§,
there are no observed effects between 0.3 and 1 from the
second to the fifth dilutions. The parameter m cannot be
estimated and the model fails to converge on both the
original scale and the logarithmic scale. To address these
problems, we conclude that the data do not provide us
sufficient information to yield a reasonable estimate of the
parameter m. Therefore, we take a remedial approach by
fixing m, and then proceed to estimate the other two
parameters. Upon checking the data, we set the parameter
m as 5, 4.5, and 5 for curves G, H, and K, respectively. The
choice of m is somewhat arbitrary with a goal of yielding a
good fit to the data and producing a small residual sum of
squares. The resulting “reduced” models fit the data
reasonably well but with a consequence that there is no
standard error estimate for m , which affects the variance
estimation of the interaction index (to be shown later).
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Table 1. Summary of parameter estimates (standard error) for the low FA experiment

Dose ratio Residual sum of
Curve' (TMQ/AG)’ Eumax EDs,* m® squares
co 0.877 (0.007) 0.00133 (0.00006) 2.345 (0.190) 0.0779
D(2) 0.872 (0.007) 0.00621 (0.00024) 3.045 (0.269) 0.0749
E (15) 0.004 0.869 (0.008) 0.00359 (0.00017) 3.250 (0.437) 0.0969
F(13) 0.008 0.863 (0.008) 0.00294 (0.00014) 2.621 (0.276) 0.0897
G (11%) 0.02 0.865 (0.006) 0.00151 (0.00005) 5.0 0.0817
H(7%) 0.05 0.889 (0.007) 0.00274 (0.00011) 45 0.1025
1(5) 0.1 0.885 (0.005) 0.00253 (0.00009) 3.449 (0.306) 0.0689
103) 02 0.882 (0.005) 0.00244 (0.00007) 4019 (0.402) 0.0655
K (9%) 02 0.872 (0.007) 0.00233 (0.00007) 5.0 0.0843
L @4) 0.4 0.889 (0.006) 0.00278 (0.00011) 5.473 (0.583) 0.0855
M (6) 038 0.890 (0.005) 0.00200 (0.00007) 3.208 (0.263) 0.0738
N (10) 2 0.887 (0.008) 0.00169 (0.00009) 2.544 (0.258) 0.0984
0(12) 5 0.878 (0.008) 0.00145 (0.00007) 2.206 (0.206) 0.0837
P (14) 10 0.874 (0.006) 0.00134 (0.00006) 1.971 (0.128) 0.0599

Footnotes and abbreviations: 'curves without data: curves A(8) and B(16) represent controls; no drugs applied,
“trimetrexate/experimental drug AG2034, *maximum effect attributable to the drug, “dose level producing half of E,, slope
factor, which measures the sensitivity of the effect within a dose range of the drug, is fixed at a certain value

Based on limited sensitivity analysis, the estimation of the
interaction index remains reasonably robust.

In all dose-response curves, the standardized
effect level starts to drop between dose levels (dilutions) 3
to 6. Once the effect starts to drop, it drops quickly and

plateaus at the 1 — E, level. There are ample data points

max

at the effect levels around 1 (dose levels 1-4) and 1 — me
(dose levels 8-11). However, due to the sharp drop in the
dose-response curves, fewer data points can be found in the
middle of the effect range. When the data points become
too few or do not spread out to cover enough range, it
becomes harder for the model to converge, as seen in

curves G, H, and K. The overall results for the curve fitting
of the low FA experiment are that the values of Ema

X

range

from 0.863 to 0.890; the values of EDso range from
0.00133 to 0.00621; and the values of m range from 1.971
to 5.473. The residual sum of squares ranges from 0.0599
to 0.1025 without large values, suggesting that the model
fits the data reasonably well.

Based on the fitted dose-response curve, the
interaction index (II) can be calculated over the entire
effect range and at specific dose combinations. Table 2
gives a detailed result of the estimated interaction index
and its 95% point-wise confidence interval at each dose
combination for each combination curve. The II is
calculated at the predicted effect level from the
combination curve and not at the observed effect level. The
results are shown in a trellis plot in Figure 9 where the red
lines represent the 95% point-wise confidence intervals at
each specific effect level and the black dashed lines
indicate the 95% simultaneous confidence bands of the 11
for the entire range. From the figure we find that the
interaction index can be estimated with very good precision
in all curves except at the two extremes when the effect is

closeto 1 or 1 — E, . The trend and the pattern of the
interaction index are clearly shown in these figures. For
curves E through K, ie., with a TMQ:AG dose ratio
ranging from 0.004 to 0.2, synergy is observed in the effect
range between 0.2 to 0.9. For curves L and M, which have
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TMQ:AG ratios of 0.4 and 0.8, we see that synergy is
observed at the low effect level from 0.2 to about 0.5.
Beyond 0.5 the combinations are generally additive. For
curves N, O, and P, with TMQ:AG ratios of 2, 5, and 10,
the synergistic effect is lost and we see additivity in all
dose ranges.

6.2. Results for the high folic acid experiment

Table 3 lists the parameter estimate,
corresponding standard error, and sum of squares for all the
curves in the high FA experiment. Unlike in the experiment
using low FA media, the model fitting for all curves in the
high FA experiment converge when using the E,,,, model.

'« Tanges from 0.831 to 0.893; EDso
ranges from 0.0137 to 0.1943 except for curve D (AG alone

The estimated E

with EDso = 0.5224); and m ranges between 1.468 and
3.625. The residuals sum of squares ranges from 0.0615 to
0.1134. Compared to the low FA experiment, the values

of EDso are greater in the high FA experiment, indicating
that the drugs are less potent when applied to a high FA
medium. Note that the doses of TMQ are the same between
the two experiments but the doses of AG are 10 times

higher in the high FA experiment. In addition, EDsy =
0.0137 and 0.00133 for TMQ alone in the high and low FA
experiments, respectively, which indicates that the drug is
10 times less potent in the high FA medium compared to
the low FA medium. The potency of AG is even more
dramatically reduced. In Figure 10 we see that the E,,,
model provides an excellent fit to all the curves. Table 4
gives a detailed account of the interaction index in all
dilutions for all of the combination curves. The results are
summarized in a trellis plot in Figure 11. Again, the red
lines represent the 95% point-wise confidence intervals at
each specific effect level and the black dashed lines
correspond to the simultaneous confidence bands of the II
for the whole range. Using the high FA medium, synergy
can be achieved for most of the drug combinations in all
the effect ranges, with the exception of the very low or very
high effect ranges. The confidence intervals are still very
tight although they are a little wider compared to their
counterparts from the low FA experiment. As the TMQ:AG
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Table 2. Estimated interaction index and its 95% confidence interval at each dose combination for the low FA experiment

95% CI° for I

TMQ? AG2034° Dose ratio Predicted — —

Curve' dose dose TMQ/AG Dilution effect n Lower limit Upper limit

Ed3) 1.07E-07 2.66E-05 0.004 1 1 0.87 0.18 429
8.58E-07 0.000213 2 0.9999 0.73 0.28 1.89
2.71E-06 0.000673 3 0.9962 0.67 0.37 1.20
8.58E-06 0.002129 4 0.864 0.61 0.48 0.78
1.72E-05 0.004259 5 0.4454 0.58 0.52 0.65
3.43E-05 0.008517 6 0.1802 0.56 0.45 0.71
6.86E-05 0.017000 7 0.1368 0.61 0.24 1.55
0.000137 0.034100 8 0.1319 0.91 0 4.35E+03
0.000434 0.107700 9 0.1314 2.71 0 1.30E+157
0.001373 0.340700 10 0.1314 8.58 0 NA
0.011000 2.725500 11 0.1314 68.6 0 NA

F (13) 2.10E-07 2.61E-05 0.008 1 1 0.28 0.08 0.91
1.68E-06 0.000209 2 0.9991 0.35 0.17 0.71
5.32E-06 0.000660 3 0.9828 0.4 0.26 0.62
1.68E-05 0.002088 4 0.746 0.47 0.4 0.55
3.37E-05 0.004177 5 0.3788 0.52 0.46 0.58
6.73E-05 0.008353 6 0.188 0.59 0.47 0.74
0.000135 0.016700 7 0.1454 0.76 0.4 1.47
0.000269 0.033400 8 0.138 126 0.02 67.11
0.000851 0.105700 9 0.1366 3.79 0 1.72E+37
0.002692 0.334100 10 0.1366 11.95 0 NA
0.021500 2.673100 11 0.1366 95.63 0 NA

Gan 4.97E-07 2.47E-05 0.02 1 1.0000 5.60 1.90 16.45
3.98E-06 0.000197 2 1.0000 1.09 0.60 1.96
1.26E-05 0.000624 3 0.9885 0.47 0.36 0.63
3.98E-05 0.001974 4 0.2987 0.22 0.19 0.25
7.95E-05 0.003949 5 0.1410 0.17 0.09 0.32
0.000159 0.007898 6 0.1350 0.27 0.00 3.09E+04
0.000318 0.015800 7 0.1348 0.54 0.00 1.62E+161
0.000636 0.031600 8 0.1348 1.09 0.00 NA
0.002012 0.099900 9 0.1348 3.44 0.00 NA
0.006364 0.315900 10 0.1348 10.87 0.00 NA
0.050900 2.527300 11 0.1348 86.95 0.00 NA

HO) 1.09E-06 2.17E-05 0.05 1 1.0000 12.11 3.53 41.51
8.75E-06 0.000174 2 1.0000 2.71 1.42 5.15
2.77E-05 0.000549 3 0.9992 1.29 0.88 1.90
8.75E-05 0.001738 4 0.8773 0.65 0.57 0.74
0.000175 0.003475 5 0.3035 0.43 0.38 0.48
>=0.000350 >=0.006950 6-11 <=0.1219 NA NA NA

16 1.82E-06 1.81E-05 01 1 1.0000 2.39 0.70 8.17
1.46E-05 0.000145 2 0.9999 1.17 0.59 2.30
4.61E-05 0.000458 3 0.9966 0.83 0.55 124
0.000146 0.001448 4 0.8509 0.61 0.52 0.71
0.000292 0.002896 5 0.3906 0.51 0.47 0.55
0.000583 0.005792 6 0.1506 0.38 0.31 0.47
>=0.001167 >=0.011600 7-11 <=0.1188 NA NA NA

e 2.73E-06 1.36E-05 02 1 1.0000 12.56 2.59 60.87
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2.19E-05 0.000109 2 1.0000 3.31 1.38 7.95
6.92E-05 0.000343 3 0.9993 1.67 0.99 2.81
0.000219 0.001086 4 0.9344 0.88 0.71 1.08
0.000438 0.002172 5 0.5008 0.61 0.57 0.65
0.000875 0.004344 6 0.1577 0.40 0.33 0.48
>=0.001750 >=(.008688 7-11 <=0.1204 NA NA NA
kKO 2.73E-06 1.36E-05 02 1 1.0000 88.77 14.80 532.45
2.19E-05 0.000109 2 1.0000 9.70 3.84 24.48
6.92E-05 0.000343 3 0.9998 3.04 1.83 5.06
0.000219 0.001086 4 0.9550 1.02 0.86 1.21
0.000438 0.002172 5 0.4457 0.55 0.51 0.60
0.000875 0.004344 6 0.1429 0.32 0.21 0.47
>=0.001750 >=0.008688 7-11 <=0.1280 NA NA NA
L@ 3.65E-06 9.05E-06 04 1 1.0000 812.88 82.77 7.98E+03
2.92E-05 7.24E-05 2 1.0000 53.71 13.70 210.53
9.22E-05 0.000229 3 1.0000 12.38 5.18 29.56
0.000292 0.000724 4 0.9964 2.99 1.98 4.51
0.000583 0.001448 5 0.8651 1.31 1.10 1.56
0.001167 0.002896 6 0.2103 0.56 0.50 0.63
>=0.002333 >=0.005792 7-11 <=0.1134 NA NA NA
M(6) 4.38E-06 5.43E-06 08 1 1.0000 4.95 1.18 20.69
3.50E-05 4.34E-05 2 1.0000 2.40 1.01 5.71
0.000111 0.000137 3 0.9989 1.63 0.93 2.87
0.000350 0.000434 4 0.9580 1.12 0.85 1.48
0.000700 0.000869 5 0.7206 0.90 0.80 1.03
0.001400 0.001738 6 0.2804 0.72 0.64 0.80
0.002800 0.003475 7 0.1325 0.41 0.25 0.67
>=0.005600 >=0.006950 8-11 <=0.1128 NA NA NA
N{10) 4.97E-06 2.47E-06 2 1 1.0000 1.37 0.32 5.84
3.98E-05 1.97E-05 2 0.9998 1.17 0.47 2.89
0.000126 0.000062 3 0.9967 1.08 0.59 1.98
0.000398 0.000197 4 0.9417 0.99 0.72 1.37
0.000795 0.000395 5 0.7418 0.95 0.80 1.13
0.001591 0.000790 6 0.3742 0.90 0.79 1.02
0.003182 0.001580 7 0.1721 0.81 0.64 1.03
>=0.006364 >=0.003159 8-11 <=0.1236 NA NA NA
012 5.26E-06 1.04E-06 3 1 1.0000 0.67 0.18 2.52
4.21E-05 8.35E-06 2 0.9995 0.76 0.33 1.76
0.000133 2.64E-05 3 0.9934 0.82 0.46 1.45
0.000421 8.35E-05 4 0.9227 0.88 0.65 1.21
0.000841 0.000167 5 0.7294 0.92 0.78 1.10
0.001683 0.000334 6 0.4094 0.97 0.87 1.08
0.003365 0.000668 7 0.2060 1.01 0.83 1.24
0.006731 0.001337 8 0.1420 1.05 0.67 1.65
>=0.021300 >=0.004227 9-11 <=0.1239 NA NA NA
Pa4) 5.36E-06 5.32E-07 10 1 1.0000 0.39 0.14 1.09
4.29E-05 4.26E-06 2 0.9988 0.54 0.28 1.05
0.000136 1.35E-05 3 0.9887 0.65 0.42 1.02
0.000429 4.26E-05 4 0.9015 0.79 0.62 1.01
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0.000858 8.52E-05 5 0.7095 0.88 0.76 1.02
0.001716 0.000170 6 0.4221 0.99 0.89 1.10
0.003431 0.000341 7 0.2272 1.12 0.95 1.32
0.006863 0.000681 8 0.1544 1.30 0.98 1.74
>=(.021700 >=(.002155 9-11 <=0.1292 NA NA NA

Footnotes and abbreviations: ' curves without data: curves A (8) and B (16) represent controls; no drugs applied; curves C (1,
TMQ) and D (2, AG2034) represent single-drug applications, > trimetrexate, *experimental drug, * interaction index, *confidence
interval

Table 3. Summary of parameter estimates (standard error) for the high FA experiment

Dose ratio Residual sum of
Curve' (TMQ/AG)? E oy EDs,* m’ squares
C(1) 0.883 (0.012) 0.0137 (0.0012) 3.625 (0.650) 0.1074
D (2) 0.831 (0.015) 0.5224 (0.0439) 1.468 (0.137) 0.0770
E (15) 0.0004 0.867 (0.014) 0.1943 (0.0122) 2.558 (0.405) 0.1134
F (13) 0.0008 0.863 (0.010) 0.1447 (0.0068) 2.643 (0.258) 0.0852
G (11) 0.002 0.859 (0.010) 0.0912 (0.0045) 2.996 (0.355) 0.0999
H(7) 0.005 0.881 (0.006) 0.0699 (0.0027) 2.887 (0.253) 0.0746
1(5) 0.01 0.881 (0.009) 0.0484 (0.0026) 2.528 (0.251) 0.0977
J1(3) 0.02 0.884 (0.006) 0.0331 (0.0011) 2.114 (0.136) 0.0615
K(©9) 0.02 0.885 (0.008) 0.0369 (0.0019) 2.160 (0.195) 0.0861
L (4) 0.04 0.886 (0.008) 0.0288 (0.0014) 2.504 (0.255) 0.0959
M (6) 0.08 0.885 (0.009) 0.0197 (0.0010) 2.242 (0.214) 0.0881
N (10) 0.2 0.862 (0.010) 0.0154 (0.0007) 3.309 (0.415) 0.0909
0 (12) 0.5 0.878 (0.009) 0.0139 (0.0006) 3.491 (0.405) 0.0933
P (14) 1 0.893 (0.008) 0.0183 (0.0009) 2.735(0.213) 0.0669

Footnotes and abbreviations: 'curves without data: curves A(8) and B(16) represent controls; no drugs applied,
“trimetrexate/experimental drug AG2034, *maximum effect attributable to the drug, *dose level producing half of E,,,, >slope
factor, which measures the sensitivity of the effect within a dose range of the drug

Table 4. Estimated interaction index and its 95% confidence interval at each dose combination for the high FA experiment

95% CI° for 11

T™MQ? AG2034° Dose ratio Predicted Lower limit ~ Upper
Curve' dose dose TMQ/AG Dilution effect 1 limit
Ed3) 1.07E-07 0.000266 0.0004 1 1.0000 48.28 253 922.71
8.58E-07 0.002128 2 1.0000 1031 1.36 78.32
2.71E-06 0.006729 3 0.9998 439 0.96 20.02
8.58E-06 0.021278 4 0.9970 1.87 0.68 5.14
1.72E-05 0.042555 5 0.9825 1.12 0.55 228
3.43E-05 0.085110 6 0.9063 0.67 0.44 1.02
6.86E-05 0.170221 7 0.6388 0.40 0.32 0.48
0.000137 0.340441 8 0.2994 0.21 0.16 0.28
>=0.000434 >=1.076570 9-11 <=0.1433 NA NA NA
F3) 2.10E-07 0.000261 0.0008 1 1.0000 4238 3.74 479.71
1.68E-06 0.002087 2 1.0000 8.02 1.56 4125
5.32E-06 0.006599 3 0.9998 3.20 0.96 10.63
1.68E-05 0.020868 4 0.9949 127 0.59 275
3.37E-05 0.041737 5 0.9688 0.73 0.44 1.23
6.73E-05 0.083474 6 0.8363 0.42 0.32 0.56
0.000135 0.166947 7 0.4876 0.24 0.20 0.28
0.000269 0.333894 8 0.2224 0.11 0.08 0.16
>=0.000851 >=1.055866 9-11 <=0.1418 NA NA NA
Gan 4.97E-07 0.000247 0.002 1 1.0000 80.07 5.84 1097.54
3.98E-06 0.001973 2 1.0000 9.20 1.67 50.66
1.26E-05 0.006239 3 0.9997 2.78 0.84 9.26
3.98E-05 0.019730 4 0.9913 0.85 0.42 1.71
7.95E-05 0.039460 5 0.9351 0.42 0.28 0.63
0.000159 0.078920 6 0.6609 0.21 0.17 0.25
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H(7)

1(5)

J3)

K (9)

L)

M (6)

0.000318
>=(.000636
1.09E-06
8.75E-06
2.77E-05
8.75E-05
0.000175
0.000350
0.000700
>=(.001400
1.82E-06
1.46E-05
4.61E-05
0.000146
0.000292
0.000583
0.001167
>=(.002333
2.73E-06
2.19E-05
6.92E-05
0.000219
0.000438
0.000875
0.001750
>=(.003500
2.73E-06
2.19E-05
6.92E-05
0.000219
0.000438
0.000875
0.001750
>=0.003500
3.65E-06
2.92E-05
9.22E-05
0.000292
0.000583
0.001167
0.002333
>=(.004667
4.38E-06
3.50E-05
0.000111
0.000350
0.000700
0.001400
0.002800
>=(.005600

0.157841
>=(.315682
0.000217
0.001736
0.005491

0.005

0.017363
0.034725
0.069450
0.138900
>=(.277800
0.000181
0.001447
0.004575

0.01

0.014469
0.028938
0.057875
0.115750
>=(.231500
0.000136
0.001085
0.003432

0.02

0.010852
0.021703
0.043406
0.086813
>=0.173625
0.000136
0.001085
0.003432

0.02

0.010852
0.021703
0.043406
0.086813
>=0.173625
0.000090
0.000723
0.002288

0.04

0.007234
0.014469
0.028938
0.057875
>=0.115750
5.43E-05
0.000434
0.001373

0.08

0.004341
0.008681
0.017363
0.034725
>=0.069450

8

o 9 N W R W o 9 N W A W o 9 N W R W o 9 N W A W o 9 N W R W

o 9 N W A W
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- 11

- 11

0.2796
<=0.1614
1.0000
1.0000
0.9994
0.9843
0.8955
0.5603
0.2239
<=0.1344
1.0000
0.9999
0.9977
0.9592
0.8071
0.4556
0.2041
<=0.1347
1.0000
0.9993
0.9924
0.9206
0.7354
0.4261
0.2139
<=0.1405
1.0000
0.9995
0.9946
0.9390
0.7800
0.4722
0.2316
<=0.1443
1.0000
0.9999
0.9983
0.9702
0.8538
0.5312
0.2326
<=0.1355
1.0000
0.9998
0.9973
0.9660
0.8594
0.5823
0.2842
<=0.1571

0.10
NA
33.80
4.54
1.50
0.51
0.27
0.15
0.07
NA
4.94
1.11
0.50
0.23
0.16
0.11
0.07
NA
0.67
0.28
0.18
0.13
0.11
0.10
0.10
NA
0.93
0.36
0.22
0.15
0.13
0.11
0.11
NA
2.89
0.69
0.33
0.18
0.15
0.13
0.12
NA
0.73
0.27
0.17
0.13
0.13
0.14
0.16
NA

0.08
NA

3.34
1.03
0.54
0.29
0.20
0.13
0.06
NA

0.61
0.30
0.21
0.15
0.12
0.09
0.06
NA

0.13
0.10
0.09
0.09
0.09
0.09
0.08
NA

0.15
0.12
0.11
0.10
0.10
0.10
0.09
NA

0.34
0.18
0.14
0.12
0.11
0.11
0.10
NA

0.10
0.08
0.08
0.09
0.10
0.12
0.13
NA

0.12
NA
342.20
20.08
4.20
0.90
0.37
0.17
0.09
NA
39.76
4.13
1.20
0.37
0.20
0.13
0.09
NA
3.34
0.74
0.34
0.17
0.13
0.12
0.11
NA
5.72
1.12
0.47
0.22
0.16
0.13
0.13
NA
24.37
2.62
0.80
0.29
0.19
0.15
0.15
NA
5.17
0.89
0.37
0.21
0.17
0.16
0.18
NA
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N (10 4.97E-06 2.47E-05 02
3.98E-05 0.000197
0.000126 0.000624
0.000398 0.001973
0.000795 0.003946
0.001591 0.007892
0.003182 0.015784
0.006364 0.031568
>=(.020124 >=(.099827
02 5.26E-06 1.04E-05 05
4.21E-05 8.35E-05
0.000133 0.000264
0.000421 0.000835
0.000841 0.001669
0.001683 0.003339
0.003365 0.006678
0.006731 0.013356
>=(.021285 >=(.042235
P4 5.36E-06 5.32E-06 !
4.29E-05 4.26E-05
0.000136 0.000135
0.000429 0.000426
0.000858 0.000851
0.001716 0.001702
0.003431 0.003404
0.006863 0.006809
0.021702 0.021531
>=(.068627 >=(.068088

1 1.0000 61.54 3.00 1262.99
2 1.0000 4.66 0.64 34.02
3 1.0000 1.21 0.31 4.73

4 0.9983 0.41 0.20 0.87

5 0.9830 0.28 0.17 0.46

6 0.8570 0.23 0.17 0.31

7 0.4280 0.21 0.18 0.25

8 0.1800 0.23 0.18 0.30
9-11 <=0.1390 NA NA NA

1 1.0000 194.98 6.90 5509.68
2 1.0000 11.38 1.16 111.41
3 1.0000 2.57 0.51 12.90
4 0.9998 0.78 0.30 1.97

5 0.9978 0.50 0.25 0.98

6 0.9754 0.40 0.24 0.64

7 0.7849 0.36 0.27 0.48

8 0.3109 0.35 0.30 0.41
9-11 <=0.1263 NA NA NA

1 1.0000 10.38 0.65 165.28
2 1.0000 1.89 0.29 12.19
3 1.0000 0.87 0.24 3.15

4 0.9998 0.55 0.23 1.29

5 0.9986 0.50 0.25 1.03

6 0.9910 0.51 0.29 0.92

7 0.9436 0.56 0.37 0.86

8 0.7232 0.64 0.50 0.83

9 0.1851 0.80 0.65 0.99
10, 11 <=0.1109 NA NA NA

Footnotes and abbreviations: 'curves without data: curves A(8) and B(16) represent controls; no drugs applied; curves C(1,
TMQ) and D (2, AG2034) represent single-drug applications, *trimetrexate, *experimental drug, *interaction index, >confidence

interval

ratio increases from 0.0004 to 0.5, synergy is observed
across all dilution series. In addition, higher synergy is
observed at the lower effect levels, particularly when the
TMQ:AG is at 0.01 or lower (curves E, F, G, H, and I). In
the middle effect levels (effects between 0.2 and 0.8), the II
ranges from about 0.1 in curves J and K, to 0.12 in curve L,
0.15 in curve M, 0.25 in curve N, and 0.35 in curve O. The
higher the TMQ:AG ratio, the less synergy it achieves. In
curve P, for example, when the TMQ:AG ratio reaches 1,
synergy is lost.

7. SUMMARY

In both the low FA and high FA experiments,
TMQ is more potent than AG. At low TMQ:AG ratios, i.e.,
when a small amount of the more potent drug (TMQ) is
added to a larger amount of the less potent drug (AG),
synergy is achieved. However, when the TMQ:AG ratio
reaches 0.4 or larger for the low FA medium, or when the
TMQ:AG ratio reaches 1 or larger for the high FA medium,
synergy decreases, or the interaction becomes additive. In
general, a synergistic effect in a drug combination dilution
series is stronger at higher doses that produce stronger
effects (effects closer to 1-E,,,,) than at lower dose levels
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that produce weaker effects (effects closer to 1). The two
drugs in this study are more potent in the low FA medium
compared to the high FA medium. The drug synergy,
however, is stronger in the high FA medium.

8. DISCUSSION AND PERSPECTIVE

The data supplied by Dr. Greco provide an
excellent opportunity to apply and compare various
approaches for studying the effects of combination drug
treatments. For the median effect model, a linear
relationship between the logit transformed effect and the
log-dose makes the model fitting straightforward and easy.
However, when measuring cell growth, as in the
experiments we analyzed, if the maximum drug effect
reaches a plateau and does not kill all the cancer cells, even
at the highest experimental doses, the median effect model
(12) does not apply. We used the E,,. model (19), which
provides an adequate fit for most data. Parameter
estimation under the E,, model requires the use of
iterative procedures such as the nonlinear weighted least
squares method, which can address the heteroscedascity
problem. Model convergence is not guaranteed; whether or
not the model converges depends on the data and the choice
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Figure 4. Distribution of the effect versus dose level for curves A through P for the experiment in a low folic acid medium.

of the initial values. We find that PROC NLIN in SAS
provides a more comprehensive and robust environment for
estimating parameters with nonlinear regression compared
to the nls() function in S-PLUS/R. It can be useful to apply
SAS first to estimate the parameters and then feed the
results into S-PLUS/R for further data analysis and
production of graphics. Unlike fitting the linearly-
transformed median effect model via linear regression, for
which a solution can always be found, fitting the E,,..
model via nonlinear regression may result in
nonconvergence of the model in some cases. This
nonconvergence may indicate aberrant conditions in the
data such that the data do not provide adequate information
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for model fitting. We had convergence problems with the
curves G, H, and K in the low FA experiment. In these
cases, there were insufficient data in the middle of the
effect range; hence, the parameters could not be estimated
reliably. We had to fix the m parameter before we could
estimate the other two parameters. From the dose-response
curves, we found that TMQ was more potent than AG, and
that the drug combination was more potent in the low FA
medium than in the high FA medium.

Upon construction of the marginal and
combination dose-response curves, we applied the Loewe
additivity model to compute the interaction index. We note
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Figure 5. Distribution of the effect versus dose level for curves A through P for the experiment in a high folic acid medium.

that a definition of drug interaction such as the
interaction index is model dependent. Additionally, no
matter which model is used, based on the definition of
the interaction index (7,8), the dose levels used in
calculating the interaction index must be translated back
to the original units of dose measurement. Under the
given model, we found that the drug interaction between
TMQ and AG was largely synergistic. Synergy was
more clear and evident in the high FA experiment than
in the low FA experiment. In addition, synergy was
more likely to be observed when a small dose of the
more potent drug (TMQ) was added to a large dose of
the less potent drug (AG). When a large amount of a
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more potent drug is present, adding the less potent drug
does not show synergy because the effect is already
largely achieved by the more potent drug. In addition,
the interval estimation showed that the 95% confidence
intervals were wider at the two extremes of the effect,
which were closer to 1 or to 1-E,,,. This result is
consistent with that of many regression settings in which
estimation achieves higher precision in the center of the
data distribution but lower precision at the extremes.

We have provided a simple, yet useful
approach for analyzing drug interaction for combination
studies. The interaction index for each fixed dose ratio
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is computed and then displayed together using a trellis plot.
This method works well for the ray design. Other methods
have been proposed to model the entire response surface
using the parametric approach (27) or the semiparametric
approach  (28). The results from applying the
semiparametric model are reported in a companion article
(29).
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