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Hiebert SM. The strong-inference protocol: not just for grant
proposals. Adv Physiol Educ 31: 93-96, 2007; doi:10.1152/
advan.00034.2006.—The strong-inference protocol puts into action
the important concepts in Platt’s often-assigned, classic paper on the
strong-inference method (10). Yet, perhaps because students are
frequently performing experiments with known outcomes, the proto-
cols they write as undergraduates are usually little more than step-by-
step instructions for performing the experiment. The strong-inference
protocol, however, includes an explicit statement of possible experi-
mental outcomes and the interpretation that would follow from each.
This approach encourages thorough planning, enhances the efficiency
of experimental designs, and increases the power of statistical analysis
by explicitly stating a priori predictions as well as the statistical
methods that will be used to test them. A sample protocol for an
experiment investigating temperature-metabolism relations in chicken
embryos is provided to illustrate the important components of the
strong-inference protocol and to encourage instructors to incorporate
this powerful research tool into undergraduate laboratory courses.

experimental design; multiple hypotheses; teaching

FOR MOST STUDENTS, writing a protocol means copying the
instructions from their laboratory manual into their laboratory
notebook, embellished with a short description of the purpose
of the experiment and the student’s hypothesis about the
outcome. Arguably, such protocols are missing the most pow-
erful component of any protocol: a list of the possible out-
comes of the experiment and how each of those outcomes
would be interpreted in light of the question that the experi-
ment is designed to answer.

Why are the outcomes and interpretations crucial compo-
nents of an effective protocol? In his often-cited paper on the
subject of strong inference, Platt (10) outlined a series of steps
that should be followed systematically in scientific investiga-
tion:

1. Devising alternative hypotheses;

2. Devising a crucial experiment (or several of them), with
alternative possible outcomes, each of which will, as nearly as
possible, exclude one or more of the hypotheses;

3. Carrying out the experiment so as to get a clean result;

4. Recycling this procedure, making subhypotheses or se-
quential hypotheses to refine the possibilities that remain; and
so on. Any college student would recognize this series of steps
as the scientific method (9). Few, however, are called on to
make full use of strong inference because they have not been
taught the simple steps that turn a glorified recipe into a
powerful tool for inquiry. A list of possible outcomes and
interpretations will stop a poor experiment in its tracks, point-
ing the way to important refinements that will keep the re-
searcher from wasting effort on an inefficient experimental
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design (4—-6, 14). The outcomes and interpretations also help
to ensure that the student/scientist keeps in mind multiple
hypotheses rather than a single pet hypothesis for which he or
she has developed undue affection (2).

Platt was not the first to propose many of the ideas in his
1964 paper, but he gave voice to them in a colorful way that
brought them to the attention of, and subsequently influenced,
researchers in a variety of fields (3). Although some have
argued with some of Platt’s points (3), it is generally accepted
that the practices of identifying multiple hypotheses (when
available) and planning data collection with statistical analysis
and interpretation in mind will result in a higher quality of
research, even though the words “strong inference” are not
always applied to this method (14). Investigations planned in
this way are characterized by efficient use of time, money, and
animals (4—6, 14) because they reduce the chances of drawing
incorrect conclusions (4, 5, 14), increase the statistical power
derived from a given sample size (4, 6, 11), and ensure that
appropriate conclusions can logically be drawn from the data
(14). Good strong-inference protocols are an important element
of successful grant writing in experimental sciences. Why,
then, would we not want to make this tool a part of every
student’s scientific training? We do not need to wait until
graduate school to introduce it (14). My purpose is to encour-
age instructors to incorporate strong-inference protocol writing
into the undergraduate curriculum as early as possible.

A Strong-Inference Protocol for a Physiology Experiment

The strong-inference protocol is a concise document that
summarizes why and how an experiment will be done, de-
scribes how the data will be analyzed and interpreted, and lists
potential difficulties in experimental design or in drawing
logical conclusions from the data. The general form of the
strong-inference protocol is applicable to any experiment.
Below, a general description of each section of the protocol is
provided. In the Appendix, more specific content is described
for the case of a student-designed experiment described in the
companion article “Are chicken embryos endotherms or ecto-
therms?” (7). In this experiment, students investigated the
thermoregulatory mode of chicken embryos by measuring
respiration rates (Vo, ) at different ambient temperatures and
comparing their results with the signature relations between
temperature and metabolism in endotherms and ectotherms.

Sections of the Protocol

Introduction and background. 1In one or two paragraphs,
this section explains why the study is interesting and how it
relates to existing knowledge. Students are asked to cite one to
five published papers in this section. Unlike the introduction to
a scientific paper, it is not meant to be an exhaustive review.
This section should also explain how the data that will be
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collected relate to the physiological variables of interest and to
the hypotheses being addressed.

Methods. This section describes the experimental proce-
dures, including an explanation of controls, a timetable of
measurements, and salient details of the protocol that are not
found in the laboratory manual because they are features of the
students’ own experimental design. I encourage students to
omit standard details of the procedure such as how to use the
equipment by referring instead to the appropriate sections of
the laboratory manual. In my experience, students do not
respond favorably to tasks that seem like busywork; for this
reason, requiring them to copy procedures that are already
printed in the manual tends to disengage students from the
intellectually important features of the strong-inference
protocol.

Data analysis. In a few sentences, students are asked to
name the statistical test that they will use and exactly which
groups of measurements will be used in the analysis. A state-
ment such as “We will use a z-test to analyze our results” is
inadequate because it does not provide evidence that the
student understands how the test will be applied.

Outcomes and interpretations. This section contains one
entry for each possible outcome of the experiment, followed by
a brief description of what the student could conclude if this
outcome occurred. One of the greatest conceptual difficulties
students have with this section is distinguishing between an
outcome and an interpretation. Outcomes are summaries of
results, whereas interpretations represent the way in which the
results address the question that the experiment was designed
to answer. Students are encouraged to mention how probable
they consider a particular outcome or interpretation and to
provide evidence to support their assessment from the literature
or from a priori reasoning. They may also briefly suggest
further tests that might resolve ambiguities or further corrob-
orate the result.

Caveats. This section should include a brief description of
untested assumptions and identify a study’s shortcomings.
Although students are often hesitant to expose any weaknesses
in their design, the ability to identify caveats indicates clarity
of thought. Few experiments are perfect.

Classroom Implementation

In the laboratory section of my intermediate-level Animal
Physiology course, students participate in two 3-wk modules,
in each of which the 12 members of the laboratory section
design, as a group, an experiment they will perform together to
answer a physiological question that I pose. These two 3-wk
modules are followed by a 7-wk independent project, in which
students work in small groups to address a question of their
own choosing. At the conclusion of each module or project,
students are required to write a laboratory report in the style of
a scientific paper.

In the first year that I incorporated the strong-inference
protocol into the laboratory for this course, I discovered that
students needed guided practice before they could produce an
effective strong-inference protocol on their own. This was
especially evident in the Data analysis and Outcomes and
interpretations sections, even after we had discussed the ex-

perimental design together in depth (but without specific ref-
erence to how the different elements of the design would be
represented in the strong-inference protocol). A method that
produced much better results in subsequent years was to design
the experiment in the first module as a class and then talk very
specifically about how this experiment would be addressed in
each section of the protocol. In this discussion, we considered
wording that might be appropriate for each section. The sig-
nificantly higher scores that students earned on the protocol for
the first module in the next 4 yr (17.7 %= 0.3 compared with
15.2 = 0.2 out of a total possible score of 20 in the first year)
are consistent with this interpretation (one-way ANOVA,
Fy1y = 13.2, P < 0.0001).

For the second module, we design the experiment together but
I leave to students the task of figuring out the essential content of
each section of the protocol as it applies to this experiment. For
the independent project, students design the experiment and write
the protocol themselves after discussing their ideas with the
instructor. Protocols are graded on an increasingly stringent rubric
as the semester progresses, such that a particular kind of mistake
on the first protocol might elicit a comment but not a point
deduction, whereas the same error on a later protocol would incur
a point penalty. Thus even a slightly better score later in the
semester reflects a substantial improvement. Even with this rising
scale of expectations and with progressively less instruction,
protocol scores (out of a total of 20 possible points) increase by an
average of 0.5 points with each successive protocol (repeated-
measures ANOVA, F, |, = 26.3, P < 0.0001). This progression
suggests that students can learn and are later able to apply the
general form of the strong-inference protocol to specific experi-
ments, with the proviso that they benefit greatly in the early stages
from seeing a specific example on which to model their own
protocols.

Aside from technical questions on how to use the statistical
software, students in the Animal Physiology course almost
never ask questions about data analysis and logical interpreta-
tion after they have written their strong-inference protocol.
Rather, our discussions regarding interpretation focus almost
exclusively on the larger questions of why chicken embryos
might be ectothermic and what implications ectothermy has for
the life and energy economy of the embryo and the incubating
parent. The strong-inference protocol provides a basic outline
of the contents of each section of their laboratory report,
beginning with the introduction and continuing with the meth-
ods, results, and the first paragraph or so of the discussion.
Having the protocol in hand as a road map for the laboratory
report appears to have the added advantage of reducing the
anxiety associated with having to produce the entire laboratory
report at once. If, after they collect their data, students forget
the reasoning behind the experiment or need to be reminded of
how they will use their data, they have only to consult their
own protocol.

Adding a data analysis and an outcomes and interpretations
section to student protocols means that instructors will need to
read and provide feedback on a slightly longer document.
However, in my opinion, the ultimate benefit to students
weighed against the relatively small increase in an instructor’s
reading time gives this section one of the best per-word
pedagogical values in the laboratory classroom.
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Appendix: Specific Content for the Chicken Embryo
Metabolism Experiment

Introduction and background. A chicken embryo will
eventually grow into an endothermic adult and must neces-
sarily start life as an ectothermic zygote, but the point at
which the transition takes place is intuitively ambiguous and
could be argued either way from first principles. To put the
methods into context, this section must explain how endo-
therms and ectotherms differ in their metabolic responses to
environmental temperature and must state, in general terms,
how this difference will be used in the experiment to answer
the question of whether chicken embryos are ectotherms or
endotherms (see Fig. 1 in Ref. 7). Specifically, two features
of the relation between temperature and metabolic rate
differ between endotherms and ectotherms: the shape of the
curve and the range of absolute values for Vo, (an index of
metabolic rate), which is substantially higher overall in
endotherms than in ectotherms. Finally, students need to
explain how what they will measure (Vo,) is related to
metabolic rate, the physiological function that they are
investigating in this experiment (see Ref. 7).

Methods. This section should include details that could vary
from experiment to experiment, such as the temperatures at
which measurements will be made, where and for how long
eggs will be placed to equilibrate to the temperature treatments,
the volume of the test chamber (respirometer), and the duration
of each measurement period.

Data analysis. The content of this section will, of course,
vary with the experimental design that students choose. It
might read as follows: “A two-sample #-test will be used to
compare Vo, between experimental and control eggs after a
90-min equilibration at 23 and 38°C, respectively.”

Outcomes and interpretations. For an experiment in which
Vo, is measured at 23 and 38°C, there are three possible
outcomes.

ouTCOME 1. Vo, for eggs maintained at 38°C is significantly
greater than that for eggs incubated at 23°C.

These results suggest that the embryos are ectothermic,
because Vo, is directly proportional to ambient temperature. A
similar outcome could be obtained if all three of the following
conditions are true: /) the embryos are endothermic, 2) 38°C
lies above the thermal neutral zone, and 3) 23°C lies within or
just below the thermal neutral zone (see Fig. 4 in Ref. 7).
However, this interpretation is considered highly unlikely be-
cause 38°C is the normal incubation temperature provided by
the hen. If the embryos were endothermic with a body tem-
perature set point of <38°C (condition 2), incubation by the
hen would cause the developing chicks to expend energy to
cool themselves to the body temperature set point. Because this
would consume energy otherwise available to fuel develop-
ment, an incubation temperature greater than the body temper-
ature set point is unlikely to be favored by natural selection.

ouTCOME 2. Vo, of eggs maintained at 38°C is significantly
less than the Vo, of eggs incubated at 23°C.

These results would suggest that the embryos are endother-
mic, because Vo, is inversely proportional to ambient temper-
ature (see Fig. 1 in Ref. 7).

outcoME 3. Vo, of eggs maintained at 38°C is not signifi-
cantly different from the Vo, of eggs incubated at 23°C.

Because preliminary measurements of egg cooling show that
the equilibration times we chose are adequate to cool an
ectothermic embryo to 23°C, it is unlikely that this result could
be due to a failure of the embryos inside the eggs to cool to
23°C if they are ectothermic. A second possibility is that the
embryo is endothermic and that 23 and 38°C both lie within the
thermal neutral zone (Fig. 3 in Ref. 7), but this is considered
unlikely because the thermal neutral zones of similarly sized
endotherms (~16 g on incubation day 16) typically span a
much smaller range of ambient temperatures (see Fig. 1 in Ref.
7). A third possibility is that a 14°C temperature difference is
insufficient to provoke a detectable change in Vo,. This is also
considered unlikely because the typical Q,, values for aerobic
metabolism predict that a two- to threefold increase in meta-
bolic rate should accompany a change in body temperature of
10°C (1) in an ectotherm. A fourth possibility is that there is so
much individual variation in Vo, that sample sizes are too
small to detect a statistically significant effect. In this case, the
experiment could be repeated with additional eggs. A fifth
possibility is that the embryos are only partially endothermic.
In this scenario, the embryos have some capacity to slow the
rate of cooling but not enough to cause an increase in metabolic
rate (7). Further experiments in which younger, prethermo-
regulatory embryos are tested or in which embryos are sub-
jected to more prolonged bouts of cooling could address this
possibility (13).

Caveats. First, the conclusions apply only to embryos of
the age actually tested in the experiment. Second, we must
assume that all embryos are healthy and at the same devel-
opmental age and that the vendor shipped embryos at the
age stipulated in the order. (On one occasion, we received
embryos that were 6 days old rather than 16 days old, a fact
discovered when a student accidentally dropped and broke
one of the eggs.) Third, the choice of temperatures reflects
the reasoning that if the chick were an endotherm, the
normal incubation temperature of 38°C would likely lie
within the thermal neutral zone and the lower temperature
(23°C ) would likely be less than the lower critical temper-
ature, which is the lower limit of the thermal neutral zone.
If this assumption is incorrect, an endothermic embryo
could show a positive relation between temperature and Vo,
that might be interpreted as an ectothermic response. How-
ever, the range of values measured for Vo,, typically much
higher in endotherms than in ectotherms, should prevent
such a misinterpretation (see Fig. 1 in Ref. 7).
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