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Review Article

Pharmacological Synergy: The Next Frontier on Therapeutic
Advancement for Migrainehead_2058 1..14

Andrew Blumenfeld, MD; Chris Gennings, ••; Roger Cady, MD

The burden of migraine significantly impacts the individual sufferer, their families, the workplace, and society. The World
Health Organization has identified migraine as an urgent public health priority and has initiated a global initiative to reduce the
burden of migraine. Underlying the World Health Organization initiative is the need to discover means of optimizing migraine
treatments and make them accessible to the broader portion of the world population.

Development of acute migraine medications over the past several decades has largely centered on engineering highly
specific receptor molecules that alter migraine pathophysiological mechanisms to abort or reverse the acute attack of migraine.
The first product of this line of discovery was sumatriptan and heralded as a landmark therapeutic break through. Sumatriptan
is a 5-HT-1B/D receptor agonist considered to activate receptors involved in the pathophysiology specific to migraine. Large-
scale regulatory/clinical studies demonstrated statistical superiority for sumatriptan over placebo in reduction or elimination of
headache, nausea, photophobia, and phonophobia. Since the introduction of sumatriptan, 6 other triptan products have been
released in the United States as acute treatments for migraine, all having the same mechanism of action and similar efficacy.
Despite their utility as migraine abortive medications, the triptans do not successfully treat all attacks of migraine or necessarily
treat all migraine associated symptoms. In fact, in less than 25% of attacks do subjects obtain and maintain a migraine-free
response to treatment for at least beyond 24 hours.

A wide range of non-triptan medications also have demonstrated efficacy in acute migraine. These include non-steroidal
anti-inflammatory drugs (NSAIDs), opioids, phenothiazines, and valproic acid to name a few. Given the distinctly different
mechanisms of actions of these various medications, it is likely that several unique pathophysiological mechanisms are involved
in terminating acute episodes of migraine. Clinicians now capitalize on this observation and use migraine medication in
combination with another to improve patient outcomes, for example, using an antiemetic with an opioid or a triptan and
NSAIDs.

More recently, the Food and Drug Adminstration has approved a combination product containing 85 mg of sumatriptan
plus 500 mg of naproxen sodium for acute treatment of migraine. Clinical trials conducted prior to approval demonstrated that
the combination of sumatriptan and naproxen was more effective as a migraine abortive than either of its components but that
each component and the combination were more effective than placebo. Exactly how sumatriptan and naproxen interact to
create therapeutic synergism is unknown though its mere occurrence suggests that models assisting medical understanding and
prediction of pharmacological synergism may improve clinical outcome over products acting through a single receptor
mechanism.

Migraine is a syndrome, meaning it is defined by observed symptoms rather than known pathophysiology. Multiple
pathogenic mechanisms are likely involved in generating this diverse array of symptoms understood as the migraine symptom
complex. Sumatriptan and naproxen have independent mechanisms of action and target distinct aspects of the vascular and

From The Headache Center of Southern CA—Headache Center, Encinitas, CA, USA (A. Blumenfeld); Virginia Commonwealth
University—Department of Biostatistics, Richmond, VA, USA (C. Gennings); Headache Care Center—Medicine, Springfield, MO,
USA (R. Cady).

Address all correspondence to A. Blumenfeld, The Headache Center of Southern CA—Headache Center, 320 Santa Fe Drive
Encinitas California 92024, USA.

Accepted for publication October 9, 2011.

Conflict of Interest: The authors have acted as consultants for GSK and/or Posen in the past.

ISSN 0017-8748
doi: 10.1111/j.1526-4610.2011.02058.x
Published by Wiley Periodicals, Inc.

Headache
© 2011 American Headache Society

1

1
2

3

4

5

6

7

8

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

39

40

41
42
43

44
45

46

47

48

11

22

33

44



JOBNAME: No Job Name PAGE: 2 SESS: 41 OUTPUT: Wed Nov 23 20:36:39 2011
/v2451/blackwell/journals/head_v0_i0/head_2058

inflammatory processes hypothesized to underlie migraine. Sumatriptan acts on the 5-HT1B and 5-HT1D receptors, whereas
naproxen inhibits the COX-1 and COX-2 enzymes. Sumatriptan has vasoconstricting effects as well as effects on neurogenic
inflammation by decreasing the release of substance P and calcitonin gene-related peptide. In contrast, naproxen affects
prostaglandins and other inflammatory mediators. Because sumatriptan and naproxen both relieve migraine yet interact with
different cellular targets within the migraine pathway, it is reasonable to assume there is a unique synergy between these
medications that improves treatment outcomes. Clinical trials supported this contention by demonstrating the combination of
sumatriptan/naproxen alleviated migraine pain quickly (primarily based on the sumatriptan mechanism of action), and sus-
tained the response longer (primarily based on the naproxen mechanism of action) than is possible when either drug is given
alone. The working hypothesis is that when sumatriptan and naproxen are given at the same time, they affect different
mechanisms of the migraine pathway and produce an enhanced therapeutic effect.

The purpose of this article is to apply statistical analyses to data from phase II and phase III studies of the combination of
sumatriptan and naproxen to determine if this enhanced therapeutic effect is synergistic. This methodology of accessing synergy
can be used in the development of future combination migraine treatments to improve treatment outcomes.

Key words: synergy, sumatriptan, naproxen sodium, migraine

(Headache 2011;••:••-••)

Migraine is not just a debilitating disease for the
individual sufferer; it also places a significant burden
on affected families, workplaces, and society as a
whole. The World Health Organization considers
migraine to be an urgent public health priority and
has initiated a global initiative to reduce the burden
of migraine. Underlying the World Health Organiza-
tion initiative is the need to optimize migraine treat-
ments and make them accessible to a broader portion
of the world population.

Development of acute migraine medications over
the past several decades has largely centered on engi-
neering highly specific receptor molecules that alter
migraine pathophysiological mechanisms to abort or
reverse the acute attack of migraine. The first product
of this line of development was sumatriptan and
heralded as a landmark therapeutic breakthrough.
Sumatriptan is a 5-HT1B/1D receptor agonist consid-
ered to activate receptors involved in the pathophysi-
ology specific to migraine. Large-scale clinical studies
demonstrated statistical superiority for sumatriptan
over placebo in reduction or elimination of headache,
nausea, photophobia, and phonophobia.1,2 Since the
introduction of sumatriptan, 6 other triptan products
have been released in the United States as acute
treatments for migraine, all having the same mecha-
nism of action and similar efficacy.3 Despite their
utility as migraine abortive medications, the triptans
do not successfully treat all attacks of migraine or
necessarily treat all migraine-associated symptoms. In
fact, subjects obtain and maintain a migraine-free

response to treatment for at least 24 hours in less than
25% of attacks.4,5

A wide range of non-triptan medications also
have demonstrated efficacy in acute migraine. These
include non-steroidal anti-inflammatory drugs
(NSAIDs),6 opioids,7-9 phenothiazines,10 and valproic
acid11 to name a few. Given distinctions in the
scientifically understood mechanisms of action of
these various medications, it is likely that several
unique pathophysiological mechanisms are
involved in terminating acute episodes of migraine.
Clinicians now capitalize on this observation and use
migraine medication in combination with another
to improve patient outcomes, for example, using
an antiemetic with an opioid or a triptan and
NSAIDs.12,13

More recently, the Food and Drug Administra-
tion (FDA) has approved a combination product con-
taining 85 mg of sumatriptan and 500 mg of naproxen
sodium for acute treatment of migraine.14 Clinical
trials demonstrated that the combination of sumatrip-
tan and naproxen was more effective as a migraine
abortive than either of its individual components.
Exactly how sumatriptan and naproxen interact to
create an improved therapeutic benefit is unknown
though its mere occurrence suggests that models
assisting medical understanding and prediction of
pharmacological synergism may aid in the develop-
ment of combination products that improve clinical
outcome over products acting through a single recep-
tor mechanism.
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Migraine is a syndrome; thus it is defined by
observed symptoms rather than known pathophysiol-
ogy. Multiple pathogenic mechanisms are likely
involved in generating this diverse array of symptoms
understood as the migraine symptom complex.15-17

Sumatriptan and naproxen have independent mecha-
nisms of action and target distinct aspects of the vas-
cular and inflammatory processes hypothesized to
underlie migraine. Sumatriptan acts on the 5-HT1B

and 5-HT1D receptors,18 whereas naproxen inhibits
the COX-1 and COX-2 enzymes.19 Sumatriptan has
vasoconstricting effects as well as effects on neuro-
genic inflammation by decreasing the release of sub-
stance P and calcitonin gene-related peptide.20 In
contrast, naproxen affects prostaglandins and other
inflammatory mediators.16 Because sumatriptan and
naproxen both relieve migraine yet interact with dif-
ferent cellular targets within the migraine pathway,
the 2 drugs have recently been studied in combination
to determine if there is a unique synergy between
these medications that improves treatment outcomes.
Clinical trials of the combination support the con-
clusion that the combination of sumatriptan and
naproxen alleviate migraine pain quickly (primarily
based on the sumatriptan mechanism of action), and
sustain the response longer (primarily based on the
naproxen mechanism of action) than is possible when
either drug is given alone. In addition, pharmacoki-
netic studies suggest a therapeutically advantageous
pharmacokinetic profile when sumatriptan and
naproxen are administered in combination.21 The
working hypothesis is that when sumatriptan and
naproxen are given at the same time, they affect dif-
ferent mechanisms of the migraine pathway and
produce an enhanced therapeutic effect.

The purpose of this article is to apply statistical
analyses to data from phases II and III studies of the
combination of sumatriptan and naproxen to deter-
mine if this enhanced therapeutic effect is synergistic.
This methodology of accessing synergy can be used in
the development of future combination migraine
treatments to improve treatment outcomes.

Phase II Study Analysis.—Smith TR et al contains a
detailed description of the protocol used, data
collected, and analyses conducted in the phase II
study of combination treatment of sumatriptan and

naproxen for migraine.13 The study was designed to
determine if the sustained pain response rate in sub-
jects treated with the combination of sumatriptan
50 mg and naproxen sodium 500 mg was superior to
that of subjects treated with the individual compo-
nents (sumatriptan 50 mg or naproxen sodium
500 mg) or placebo.13 This was a phase II, randomized,
double-blind, placebo-controlled, multicenter study
consisting of a screening visit, at home treatment of a
single migraine attack, and a follow-up visit occurring
24-72 hours after the treated migraine attack.13

At the time of an eligible migraine attack (pain of
moderate or severe intensity), subjects recorded their
pain intensity and associated migraine symptoms on a
diary card prior to taking study medication and at
pre-defined intervals after taking study drug.13 Sub-
jects recorded the pain intensity scores (none [0], mild
[1], moderate [2], or [aevere (3): just prior to taking
study medication, and every 15 minutes for 2 hours,
every 30 minutes until 4 hours and then hourly while
awake for the next 20 hours.13

The primary efficacy endpoint was sustained pain
response, defined as a pain score of 0 (no pain) or 1
(mild pain) at 2 hours post-dose, which did not return
to a pain score of 2 (moderate pain) or 3 (severe pain)
for the succeeding 22 hours, and no rescue medication
was taken during the 24 hours following dosing with
study medication.13 Several secondary efficacy end-
points were assessed, including sustained pain-free
response, which was defined as a pain score of 0 (no
pain) at 2 hours, which remained at 0 at all subsequent
time points, and no rescue medication was taken
during the 24 hours.13 Smith et al concluded that the
combination group produced significantly greater
initial pain relief at 2 hours post-dose, sustained pain
response, and sustained pain-free effects than did
sumatriptan alone, naproxen alone or placebo.13 The
combination was particularly superior to its compo-
nents in subjects with severe baseline migraine pain.13

The combination was also effective for the relief of
the secondary symptoms of migraine: nausea; phono-
phobia; and photophobia.13 Smith et al did not,
however, analyze whether the combination group
showed synergistic therapeutic efficacy for any of the
efficacy endpoints (because the study was prospec-
tively designed to compare data from the combina-
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tion group with the individual components
[sumatriptan or naproxen] alone or placebo).13

Phase III Study Analysis.—Brandes et al contains a
detailed description of the protocol used, data col-
lected, and analyses performed for the phase III
studies of combination treatment of sumatriptan and
naproxen for migraine.22 Brandes et al reports 2 clini-
cal studies that were identically designed and concur-
rently conducted at 118 clinical study centers.22 These
studies were designed to demonstrate the superior-
ity of the combination of sumatriptan 85 mg and
naproxen 500 mg vs the individual components
(sumatriptan 85 mg or naproxen 500 mg) and placebo
in the acute treatment of migraine.22

At the time of an eligible migraine attack (pain of
moderate or severe intensity), subjects recorded their
pain intensity and associated migraine symptoms on a
diary card prior to taking study medication and at
pre-defined intervals after taking study drug.22 Sub-
jects recorded the pain intensity scores (none [0], mild
[1], moderate [2], or severe [3]) just prior to taking
study medication; 0.5, 1, and 1.5 hours after dosing;
and hourly from 2 to 24 hours after dosing.22

Various primary and secondary efficacy endpoints
were assessed in the phase III studies, including both 2-
and 24-hour endpoints.22 The most rigorous endpoint
evaluated was sustained pain-free response,defined as
no pain at 2 hours and no relapse of pain (to mild,
moderate, or severe) and no use of rescue medication
during the 24-hour period after dosing.22

Brandes et al concluded that the combination of
sumatriptan plus naproxen for the acute treatment of
migraine resulted in more favorable clinical benefits
compared with either monotherapy.22 These phase III
studies did not analyze whether the combination
group showed synergistic therapeutic efficacy for any
of the efficacy endpoints.22

Testing for Synergy From Combination Treat-
ment.—Synergy is a biological process by which 2
factors act together, or interact, to produce an
enhanced effect that would not be predicted by the
effects of the individual components.23,24 While
synergy is a biological effect, not a numerical value,
biostatisticians use mathematical models to evidence
the synergistic effect of biological interactions such as
those that take place with combination drug thera-

pies.24 That is, statistical analyses are useful to find
evidence, by analyzing the available data, that drugs
are producing a synergistic effect in a biological
system. To analyze synergy, statisticians use various
reference models to predict the effect of the com-
bination based on the effects of the individual com-
ponents.24 If the actual (or observed) effect of the
combination is the same as the predicted effect based
on the effects of the individual components, the drugs
do not interact.24

Thus, the reference model for the no interaction
case predicts the effect of the combination from the
effects of the individual components.24 Combinations
that have merely an additive effect (meaning their
effect can be predicted from the effects of the indi-
vidual components) demonstrate no interaction
between the individual components of the combina-
tion.24 Alternatively, if the actual effect of the combi-
nation is different from the effect predicted by the
reference model, the 2 drugs are understood to inter-
act with one another, either synergistically or antago-
nistically.24 Combinations that have a greater than
additive effect demonstrate a synergistic interaction.24

Combinations that have a less than additive effect
demonstrate an antagonistic interaction.24

There are 2 general approaches used to assess
synergy in biological systems: the independent action
approach25-27 and the dose addition approach.28,29 Inde-
pendent action assumes that the probability of an
effect from one drug is independent of the probability
of an effect from a second drug.27 Dose addition
assumes the dose–response relationship of one drug
does not change the dose–response relationship of
another drug when given in combination.28,30 In both
approaches, departure from the reference model (ie,
independent action or dose addition) that enhances
the effects is considered to be evidence of an underly-
ing biological process that is synergistic.27,28,30

An independent action model is based on the
idea of statistically independent action of each
component.26,27 The independent action model is par-
ticularly appropriate for assessing synergy in the com-
bination of sumatriptan and naproxen because these
2 drugs act on different mechanisms within the
migraine pathway.26,27 It is commonly used to evaluate
2 or more agents that are assumed to act on different
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sites (eg, in evaluating the effects associated with
various carcinogenic compounds).31

Under the independent action approach, the
probability of a response from a combination of drugs
A and B considers the probability of response from
drug A plus the probability of response from drug B
minus the probability of response to both drug A and
drug B (because some patients will respond to both
drug A and drug B).27

The Reference Model for Independent Action.—
When 2 drugs, say A and B, act independently (and
there is no interaction) we can predict the probability
(P) of therapeutic response from the combination by
knowing the probability of A and the probability of B.
Mathematically, independent action is calculated
according to the following formula:

P P P P P( ) ( )A or B A B A B= + − ×

where P(A or B) is the probability of response to either
A or B, PA is the probability of response to A, and
PB is the probability of response to B. This model
subtracts the overlap between the probability of
responding to A, and the probability of responding to
B (this overlap correction is analogous to correcting
for overlapping Venn diagrams).This basic model can
be adjusted to take into account various factors, such
as the observed placebo effect.26

If the effect of the combination is greater than the
probability of response to either drug A or B (as
calculated under the independent action model), then
the combination is synergistic.

METHODS

The Independent Action Model.—There are a
variety of tests that can be used to assess independent
action. For this article a statistical test from Piegorsch
et al was used.26 The article also derives and evaluates
several statistical tests of independent action and
identifies a preferred test that is rigorous, powerful,
and conservative.26 The Piegorsch et al preferred test
was selected for its elegant design and because it is
particularly applicable to the design of the studies
reported in Brandes et al and Smith et al, which are
studies of 2 treatments, with a 2 ¥ 2 factorial experi-
mental design with binary responses.26

Statistical Synergy Analysis of Smith et al Data.—
The sustained pain response and the sustained pain-
free response endpoints were analyzed to determine
whether the combination treatment demonstrates
statistically significant synergy. The outcome mea-
sures chosen were the sustained pain response and
the sustained pain-free response endpoints because
they reflect short-term relief, long-term relief, and
whether rescue medication was taken and thus pro-
vided a robust assessment of the combination.32 In
addition, sustained pain response is the primary effi-
cacy endpoint for this study.13

The sustained pain response and sustained pain-
free response data are described in Smith et al and
included in Table 1.

Statistical Synergy Analysis of Brandes et al
Data.—The sustained pain-free response endpoint
was analyzed to determine whether the combination

Table 1.—Phase II Data Described in Smith et al13

Combination (Sumatriptan 50 mg
Plus Naproxen 500 mg)

Sumatriptan
(50 mg)

Naproxen
(500 mg) Placebo

Number of subjects in each group 250 226 248 241
Number of subjects achieving sustained

pain response†
115 66 61 41

Percentage of subjects achieving
sustained pain response

46% 29% 25% 17%

Number of subjects achieving sustained
pain-free response†

63 25 29 12

Percentage of subjects achieving
sustained pain-free response

25% 11% 12% 5%

†Based on total number of subjects in each group and percentage of subjects achieving response.
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treatment demonstrates statistically significant
synergy. This was chosen as the sustained pain-free
response reflects short-term relief, long-term relief,
and whether rescue medication was taken.32 Brandes
et al identifies this endpoint as the only 24-hour
“primary outcome measure.”22

The sustained pain-free response data are
described in Brandes et al and included in Table 2.

RESULTS
Phase II Study (Smith et al) Results.—To assess

statistical synergy, the Piegorsch et al preferred test of
independent action was applied to the Smith et al
study data. The Piegorsch et al preferred test culmi-
nates in calculating a statistic, referred to as the “W”
statistic.26 As explained by Piegorsch, et al, values of
W that are greater than 1 indicate synergy; values of
W that are less than 1 indicate antagonism.26

Sustained Response Data.—The analysis con-
cludes that the combination demonstrates a statisti-

cally significant synergistic therapeutic effect in
achieving a sustained pain response in migraine suf-
ferers. For the sustained pain response data, the W
statistic was 1.19. This value was statistically greater
than 1 (P = .04), thus indicating that the combination
is statistically significantly synergistic. Under the
independent action model, the predicted proportion
of patients who would be expected to achieve a
sustained pain response using the combination treat-
ment was 36%. In other words, if there were
no synergy, 36% of patients would be predicted to
observe a sustained pain response with the combina-
tion treatment. The actual observed proportion of
patients who achieved sustained pain response using
the combination treatment was 46%.13 Therefore,
about 10% more patients achieved a sustained pain
response when taking the combination treatment
than what was expected under the independent
action model. Table 3 contains the observed response
for the combination, predicted response for the

Table 2.—Phase III Data Described in Brandes et al22

Combination (sumatriptan 85 mg
plus naproxen 500 mg)

Sumatriptan
(85 mg)

Naproxen
(500 mg) Placebo

Number of subjects in each group Study 1 364 361 356 360
Study 2 362 362 364 382
Total 726 723 720 742

Number of subjects achieving
sustained pain-free response

Study 1 90 59 37 30
Study 2 83 51 37 25
Total 173 110 74 55

Percentage of subjects achieving
sustained pain-free response

Study 1 25% 16% 10% 8%
Study 2 23 14 10 7
Total 24 15 10 7

Table 3.—Observed and Predicted Responses for the Combination Treatment (Smith et al)13

Endpoint
Observed Response for the

Combination Treatment (%)
Predicted† Response for the
Combination Treatment (%) P value

Sustained pain response 46% 36% .04
Sustained pain-free response 25% 17% .05

†Predicted response based on the independent action model. Since the observed response from the combination treatment was
statistically significantly greater than the response predicted from the independent action model, there is evidence of statistically
significant synergy.
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combination, and P value of the independent action
test statistic for the sustained pain response analysis.

Sustained Pain-Free Response Data.—The analy-
sis concludes that the combination demonstrates a
statistically significant synergistic therapeutic effect in
achieving a sustained pain-free response in migraine
sufferers. For the sustained pain-free response data,
the W statistic was 1.10. This value was statistically
greater than 1 (P = .05), thus indicating that the com-
bination is synergistic. Under the independent action
model, the predicted proportion of patients who
would be expected to achieve a sustained pain-free
response using the combination treatment was 17%.
In other words, if there were no synergy, 17% of
patients would be predicted to observe a sustained
pain-free response with the combination treatment.
The actual observed proportion of patients who
achieved a sustained pain-free response using the
combination treatment was 25%.13 Therefore, about
8% more patients achieved a sustained pain-free
response when taking the combination treatment
than what was expected under the independent
action model. Table 3 contains the observed response
for the combination, predicted response for the com-
bination, and P value of the independent action test
statistic for the sustained pain-free response analysis.

Phase III Study (Brandes et al) Results.—The
Piegorsch et al preferred test of independent action,
was applied to assess statistical synergy.26 For the
sustained pain-free response data in the first study
described in Brandes et al (“Study 1”), the W statistic
was 1.09. This value was greater than 1, but it was not

statistically greater than 1 using a 5% significance
level (P = .07). Thus, this W statistic indicates a trend
toward synergy without statistical significance. Under
the independent action model, the predicted propor-
tion of patients who would be expected to achieve a
sustained pain-free response using the combination
treatment was 18%. In other words, if there were no
synergy, 18% of patients would be predicted to
observe a sustained pain-free response with the com-
bination treatment. The actual observed proportion
of patients who achieved a sustained pain-free
response using the combination treatment was 25%.22

Table 4 contains the observed response for the com-
bination, predicted response for the combination, and
P value of the independent test statistic for the sus-
tained pain-free response analysis.

For the sustained pain-free response data in the
second study described in Brandes et al (“Study 2”),
the W statistic was 1.07.This value was greater than 1,
but it was not statistically greater than 1 using a 5%
significance level (P = .10). Thus, this W statistic indi-
cates a trend toward synergy without statistical sig-
nificance. Under the independent action model, the
predicted proportion of patients who would be
expected to achieve a sustained pain-free response
using the combination treatment was 17%. In other
words, if there were no synergy, 17% of patients
would be predicted to observe a sustained pain-free
response with the combination treatment. The actual
observed proportion of patients who achieved a sus-
tained pain-free response using the combination
treatment was 23%.22 Table 4 contains the observed

Table 4.—Observed and Predicted Responses for the Combination Treatment (Brandes et al)22

Endpoint Study
Total

Sample Size
Observed Response for the

Combination Treatment (%)
Predicted† Response for the
Combination Treatment (%) P value

Sustained
pain-free
response

Study 1 1441 25% 18% .07
Study 2 1470 23% 17% .10
Studies 1 &
2 combined

2911 24% 18% .01‡

†Predicted response based on the independent action model.
‡By combining the 2 studies the larger sample size allowed for increased power to detect synergy in these data. Since the observed
response from the combination treatment was statistically significantly greater than the response predicted from the independent
action model, there is evidence of statistically significant synergy.
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response for the combination, predicted response for
the combination, and P value of the independent test
statistic for the sustained pain-free response analysis.

We initially analyzed the 2 studies separately
simply because they were described by the authors as
2 distinct—although identically designed and concur-
rently conducted using the same protocol—studies.
Both analyses indicated a trend toward synergy.Thus,
we combined the results of the 2 studies to investigate
whether the lack of statistical significance was
because of true lack of synergy or to lack of power.
Power is the probability of correctly identifying the
theorized result (eg, synergy) when it exists.33 In other
words, the larger the sample size, the greater the
ability to distinguish between “signal” and “noise.”
That is, larger sample sizes increase the precision of
the statistical test to distinguish between differences
in the data that are caused by actual effects (ie, the
true “signal”) vs differences in the data that are
caused by random variation (ie, “noise”).33 Therefore,
by combining and analyzing the studies together, the
analysis has more power.

The analysis concludes that when the results from
the 2 studies are combined, the sustained pain-free
response data show that the combination demon-
strates a statistically significant synergistic therapeu-
tic effect in achieving a sustained pain-free response
in migraine sufferers. For the combined sustained
pain-free response data, the W statistic was 1.18. This
value was statistically greater than 1 (P = .01), thus
indicating that the combination is statistically signifi-
cantly synergistic. Under the independent action
model, the predicted proportion of patients who
would be expected to achieve a sustained pain-free
response using the combination treatment was 18%.
In other words, if there were no synergy, 18% of
patients would be predicted to observe a sustained
pain-free response with the combination treatment.
The actual observed proportion of patients who
achieved sustained pain-free response using the com-
bination treatment was 24%.22 Therefore, about 6%
more patients achieved a sustained pain-free
response when taking the combination product than
what was expected under the independent action
model.Table 4 contains the observed response for the
combination, predicted response for the combination,

and P value of the independent test statistic for the
sustained pain-free response analysis.

DISCUSSION
Migraine is a complex neurobiological process

capable of generating a wide array of clinical symp-
toms. Clinical trials have demonstrated that not all
attacks or all symptoms of specific attacks are always
relieved by intervention with triptans, even within the
same subject. Further, certain aspects of migraine
pathophysiology do not appear to be altered by
triptan intervention (eg, aura34-37). Consequently,
there is a clinical need to explore the potential
synergy of different medications presumed to act on
different pathways of migraine pathophysiology in
successfully treating acute migraine.

Migraine is an excellent disease model for explor-
ing synergistic mechanisms of pharmacological agents
used in its treatment. Given the divergence of symp-
tomatology frequently observed during an attack, it is
reasonable to assume that no single receptor mecha-
nism can fully explain the totality of symptom expres-
sion. The FDA has recently supported a concept of
migraine specific medications for acute interventions
whereby the intervention demonstrates statistical
superiority over placebo in relief of headache, nausea,
photophobia, and phonophobia.38 While each end-
point is considered independent, it is important to
note that only a minority of subjects treated during
moderate to severe headache experience complete
relief of all acute symptoms.This strongly underscores
the limitations of single receptor pharmacology and
the hope of finding a “magic bullet” to treat a complex
disease like migraine.

It is advantageous to use multiple drugs working
in synergy to relieve migraine. The complexity and
diversity of migraine symptoms that are observed
during episodes of migraine suggest that physiologi-
cal “networks” rather than single receptors are gen-
erating these diverse symptoms. Considering the
“process of migraine” as developing over time, spe-
cific drug interventions may be more or less effective
depending on the pathophysiological phase of
migraine when they are delivered.This has been dem-
onstrated in part by numerous “early intervention”
studies that clearly demonstrate better efficacy for
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multiple migraine related symptoms when oral trip-
tans are delivered early in the mild headache phase of
migraine.39,40 Likewise, Burstein presented data that
demonstrated ketorolac was more efficacious than
sumatriptan when migraine had evolved to a point
where central sensitization had developed.41 This
again suggests that as migraine progresses, so too
does the pathophysiology that drives the symptom
expression observed clinically.

Additionally, independent mechanisms of phar-
macological intervention appear to have varying
effects on specific symptoms associated with
migraine. For example, while triptans appear more
efficacious for migraine associated nausea than
placebo, there are no peer-reviewed published studies
to suggest that triptans have efficacy in treating
nausea unrelated to migraine.This suggests that relief
of nausea by triptans during migraine is mediated
through an indirect mechanism(s). Similarly, there are
no peer-reviewed published studies to suggest that
triptans have efficacy in other primary headache dis-
orders such as tension-type headache.

The analysis of the studies described in this
article clearly support differences in various aspects
of migraine relief using a combination of sumatriptan
and naproxen. As demonstrated in the analysis in this
article there is a clear example of synergism among
medications with different mechanisms of action that
resolve migraine-associated symptoms. Designing
studies that explore synergistic interaction is of para-
mount importance for the welfare of patients. Unfor-
tunately, while the advent of sumatriptan was indeed
a breakthrough innovation for the treatment and sci-
entific understanding of migraine, it is not a “magic
bullet” for treating migraine, and its development was
followed by 2 decades of drug development that
focused on improving the triptan molecule rather
than advancing new therapeutic directions.

Development of pragmatic approaches that tan-
gibly improve patient care requires an understanding
that treating a complex clinical conundrum such as
migraine may often require a combination of medi-
cations rather than a single drug. Standards of care for
other disease states appear to have already recog-
nized this principle. For example, treatment of hyper-
tension is frequently accomplished with combinations

of medications working through different mecha-
nisms of action.42

Demonstrating strategies to evaluate the poten-
tial synergy of unique and different pharmacological
interventions for migraine has value for both patient
outcome and future drug development. Utilization of
a predictive model such as described in this article
could be a significant step forward in defining poten-
tially synergistic migraine interventions and improv-
ing treatment outcome.

CONCLUSIONS
As more new migraine treatments are developed,

the possibility of developing combination treatments
increases. Currently, the combination of sumatriptan
and naproxen (marketed as Treximet®) is the only
FDA-approved combination treatment for migraine.
Rational polytherapy addressing the multiple mecha-
nisms of migraine, however, opens up many new pos-
sibilities for the development of both acute and
preventive migraine therapies. In determining the
efficacy of these potential combination treatments,
synergy should be included in this assessment.
Another potential benefit of combination treatments
is increased patient compliance because multiple
medications can be contained in one formulation.

The combination of sumatriptan and naproxen is
the only migraine treatment to date for which statis-
tically significant synergy has been demonstrated.The
statistical method outlined in this article could be
used to assess many other potential combination
treatments. This may allow for more effective treat-
ment development and fill the need for more
migraine treatments.

APPENDIX I
Worked Example for Independent Action.—The

term “independent action,” as it is used in statistics,
describes a model that is used to compare the effect of
drugs or chemicals in the assessment of synergy in
biological systems. The independent action is appli-
cable when 2 drugs act independently when given in
combination.26,27,43,44 With this model the response
from a combination treatment of 2 (or more) drugs can
be predicted using definitions of probabilistic inde-
pendent events. If the effect of the combination treat-
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ment is greater than the predicted response (as
calculated under the independent action reference
model), the combination is said to be synergistic. Like-
wise, if the effect of the combination is less than the
predicted response, the combination is said to be
antagonistic.

To set notation for a 2 drug combination, define
PA as the probability of response from a patient given
drug A, and PB as the probability of response from
drug B; define QA = 1 - PA as the probability of no
response from a patient given drug A, and QB = 1 - PB

as the probability of no response from drug B.Assum-
ing a response from drug A is independent of a
response from drug B, by definition of probabilistic
independent events, a response from either drug A or
drug B is given by the equation

P P P P PAB A B A B= + − × (A1)

and the probability of no response from either drug A
or drug B is given by equation (Finney42)

Q Q QAB A B= × . (A2)

Thus,under independent action, the probability of
response (Eqn A1), or no response (Eqn A2), for a
combination treatment can be predicted from
knowing the probabilities of response from either
drug alone.

In the case where there is a non-zero placebo
effect, a conditional model can be used. Define P0 as
the probability of response from placebo and
Q0 = 1 - P0 as the probability of no response from
placebo. That is, the probability of no response from
treatment with the combination of drugs is the prob-
ability of no response from both drug A and drug
B given no response from a placebo (3, 4):

Q
Q Q

Q
AB

A B and equivalently,= ×
0

Q Q Q QAB A B× = −0 .

Following Piegorsch et al define W as the ratio of
sample proportions for these probabilities, denoting
sample proportions with Q̂:

W
Q Q

Q Q
= ×

×

ˆ ˆ

ˆ ˆ
A B

AB 0

Values of W significantly greater than 1 indicate
synergistic departure from independent action;
values of W significantly less than1 indicate antago-
nistic departure. Under independent action, an esti-
mate for the proportion of subjects with no response
given the combination treatment is given by the
equation

ˆ
ˆ ˆ

ˆ .Q
Q Q

Q
AB independent action

A B

0
( ) = ×

×

As described in Piegorsch et al the hypothesis
of independent action can be tested by noting

ln

var ln

W

W

( )
( )( )

⎛
⎝⎜

⎞
⎠⎟est

has an asymptotic standard

normal distribution, so that
ln

var ln

W

W

( )
( )( )

⎛
⎝⎜

⎞
⎠⎟est

2

has

an asymptotic chi-square distribution with 1 degree
of freedom, where ln(W) is the natural log of W with
large sample variance estimated by

var lnest
A

A A

B

B B

AB

AB

W
Q

N Q

Q

N Q

Q

N Q

Q

N Q
( )( ) = − + − + − + −1 1 1 10

0 0

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ
AAB

where N0 is the sample size in the placebo group, NA

is the sample size in the group given drug A, NB is the
sample size in the group given drug B, and NAB

is the sample size given the combination treat-
ment of the doses of drugs A and B. When

ln

var ln

W

W

( )
( )( )

⎛
⎝⎜

⎞
⎠⎟est

2

exceeds the critical value from the

chi-square distribution, there is statistically significant
evidence that the hypothesis of independent action
can be rejected, and when W > 1, synergy can be
claimed. For convenience, a worked example is pre-
sented in Table A.
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