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n 1995, a statement of consensus was published in
The Annals of Thoracic Surgery recommending that

esearchers who assess neurobehavioral outcomes af-
er cardiac surgery adopt a standard set of core proce-
ures [1]. The purpose of the present editorial is to
valuate statement 3 of the Statement of Consensus that
eads: “The individual change in performance from
aseline to a time after operation is essential to any
valuation of the impact of the operation or any
ntervention associated with it” [1].

We vigorously endorse standardized and rigorous neu-
opsychological methods and commend the efforts of the
esearchers and clinicians who contributed to the State-
ent of Consensus. Nevertheless the soundness of each

tatement of the Statement of Consensus rests on the
alidity of the assumptions from which they are derived.
resently our focus is on the validity of the assumptions
nderlying statement 3.

See page 374

Blumenthal alluded to the assumptions underlying
tatement 3 in the published commentary that accompa-
ied the Statement of Consensus when he noted, “part of

he rationale for statement 3 is to address the issue that
hese patients may be abnormal preoperatively. There-
ore it is important to examine change in scores from
aseline” [1]. Thus statement 3 assumes that (1) patients’
eurobehavioral performances may be abnormal preop-
ratively, (2) preoperative neurobehavioral performances
re valid measures of neurobehavioral competence, and
3) one can use differences between measures obtained
reoperatively versus postoperatively to isolate an effect
f surgery or treatment, or both, on neurobehavioral
tness. The validity of assumption 1 that patients’ neu-
obehavioral performances may be abnormal preopera-
ively is convincingly demonstrated in the published
iterature [2]. However a considerable body of evidence
uns counter to the second and third assumptions. As
ollows we examine assumptions 2 and 3 and consider
he impact of the violations of these assumptions on
nalyses of the neurobehavioral outcomes of cardiac
urgery.
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2007 by The Society of Thoracic Surgeons
ublished by Elsevier Inc
Our evaluation of statement 3 can be delineated as a
tatistical model of a standard, within-subjects, preop-
rative and postoperative surgical research design typ-
cally used in research on neurobehavioral outcomes in
ardiac surgery patients. For simplicity we restrict all
onsubject factors in the models to dichotomous levels

ie, either present or absent), we only include the terms
n the model that are present, and therefore we omit
ubscripts.

yi2 � yi1 � p � e (1)

Equation 1 models performances of noncardiac sur-
ery control subjects for the second assessment (ie,
orresponding to the postoperative assessment time
oint for cardiac surgery patients). In Equation 1, yi2 is
ubject i’s performance on the second assessment, yi1 is
ubject i’s performance on the first (baseline) assessment,

is the effect of practice (change associated with re-
eated administration of neurobehavioral assessment

nstruments and all other factors associated with system-
tic changes between baseline and follow-up assess-
ents), and e is variance associated with random error.

his is the simplest, plausible model, whereby control
ubjects’ performances on the second assessment are the
ums of their performances on the first assessment and
ny effect of practice.

yi2 � yi1 � p � s � p � s � e (2)

Equation 2 is the predicted model for the second
ssessment of patients who undergo cardiac surgery.
quation 2 includes several factors that do not affect the
oncardiac surgery controls. In Equation 2, s is the effect
f cardiac surgery on neurobehavioral competence (pre-
umably negative, but not necessarily so), and p � s is any
ffect associated with the interaction between practice
nd cardiac surgery. The important point to notice here is
hat the (presumably negative) effect of the cardiac sur-
ery can not be isolated simply by subtracting out the

nitial baseline (yi1). Indeed subtracting initial baseline
cores from postoperative scores overlooks the combined
ffects of surgery and practice. Thus if one were to use a
reoperative and postoperative design to isolate the
ffects of surgery, one would have to assume that (1)
here is no effect of practice, and (2) there is no statistical
nteraction between practice and cardiac surgery. How-
ver a substantial body of data demonstrates that both of

hese assumptions are false.

Ann Thorac Surg 2007;83:370–3 • 0003-4975/07/$32.00
doi:10.1016/j.athoracsur.2006.06.062
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The neuropsychological tests generally used in studies
f neurobehavioral outcomes in cardiac surgery patients
re notoriously susceptible to practice effects [3, 4]. For
xample, a careful examination of practice effects by
aymond and colleagues [5] recently revealed large and
tatistically significant practice effects in every cognitive
omain examined in patients tested prior to surgery and

mmediately before discharge from the hospital, with
ore than 65% of patients improving by a standard

eviation or more (see Raymond and colleagues [5], Fig 1,
able 2). This documentation of practice effects in coro-
ary artery bypass graft patients is consistent with the
ell-established observation of practice effects in other
atient samples [6]. The presence of a practice effect
recludes the possibility of isolating the effects of cardiac
urgery in a single group, within-subjects, preoperative
nd postoperative research design in which all patients are
ubjected to surgery. Some researchers attempt to address
his problem by estimating the effects of practice and
hereby removing practice effects statistically from the

odel that predicts the second assessment of the cardiac
urgery patients by including a noncardiac surgery con-
rol group [2, 7, 8]. However it is essential to note that
tatistical methods for removing the practice effect using
he information gleaned from a noncardiac surgery con-
rol group are valid only if the practice effect does not
nteract with the cardiac surgery effect. However the
vidence that we review as follows suggests that there is
clear interaction between practice effects and cardiac

urgery. Thus conclusions based on analyses that assume
he practice times cardiac surgery interaction is zero are
ecessarily invalid.
A practice times cardiac surgery interaction is ob-

erved when the magnitude of the practice effect is
ontrolled by factors that are not equivalent across ex-
erimental groups (eg, cardiac surgery vs nonsurgery
ontrols). In cardiac surgery studies that include nonsur-
ery control groups, there are many factors that are not
quivalent across the groups, two of which will be high-
ighted here. First, cardiac surgery candidates’ preoper-
tive anxiety and depression levels are high (ie, clinically
ignificant) during the days leading up to surgery and
rop to moderate levels within the first postoperative
eek [7, 9, 10]. Elevated anxiety and comorbid depres-

ion, particularly when in the clinical range, significantly
nterfere with neuropsychological performance* [11, 12].
econd, in some studies, differences between the exper-

mental groups have arisen from the fact that cardiac
urgery patients were tested preoperatively in settings
eg, hospital rooms) that are not conducive to optimal
europsychological performance. Indeed, Selnes and col-

eagues [13] reported that coronary artery bypass graft

One recent study did fail to detect a statistically significant relationship
etween anxiety scores and preoperative neuropsychological perfor-
ances in cardiac surgery patients (Tsuhima and colleagues, 2005).
owever, this study was limited by a small sample size and by the fact

hat the study did not examine preoperative and postoperative perfor-
ances. Thus, this study was not sufficiently powered nor was it properly
p
esigned to evaluate a possible relationship between anxiety and practice
ffects.
atients who were tested in the hospital environment (ie,
pproximately one-third of their cardiac surgery study
ample) performed significantly poorer preoperatively
n neuropsychological tests than those participants who
ere tested as outpatients. Therefore preoperative as-

essments may underestimate patients’ true neurobe-
avioral competences, and postoperative practice effects
bserved in cardiac surgery patients may improve due to
ecreases in anxiety, depression, and shifts in the setting

n which postoperative testing takes place (eg, the non-
ospital setting). Alternatively, elevated anxiety, depres-
ion, and distraction during preoperative baseline testing
ay result in poorer learning of the tasks, which will

ranslate into proportionately smaller practice effects in
ardiac surgery patients than in nonsurgery control pa-
ients. The main point is that although a practice times
urgery interaction is likely, one cannot predict a priori
he magnitude or even the direction of the effect.

It is impossible to assess the presence of an interaction
etween practice effects and surgery effects from existing
ata without making further assumptions. If one assumes

hat (1) cardiac surgery causes neuropsychological de-
line beyond that which was present preoperatively in
urgery candidates, and (2) the practice times surgery
nteraction is zero, then the differences between a group
f patients who underwent surgery and a nonsurgery
ontrol group should be even greater postoperatively
5, 7, 14, 15]. However, recently published studies [2, 5, 15]
hat presented detailed neuropsychological assessment
ata from cardiac surgery patients observed just the
pposite effect; between-groups postoperative differ-
nces were smaller postoperatively than they were pre-
peratively (ie, cardiac surgery patients improved more
uring postoperative testing than predicted by the non-
urgery control group’s practice effects). Furthermore,
hen either of two widely-used criteria for defining

ignificant change from baseline in postoperative test
cores [9] (ie, one that requires a standard deviation
hange, and another that requires a 20% change, on two
r more of the nine tests that comprised the battery) are
pplied to individual patient data, approximately 70% of
ardiac surgery patients tested at discharge (ie, 3 to 10
ays after surgery) actually significantly improved their
erformances. If one assumes the absence of a practice

imes surgery interaction, then one has to accept that
ardiac surgery improves cognitive performance both in
he short (ie, 3 to 10 days after surgery) [9] and long-term
ie, 3 years after surgery) [2, 15]. Unfortunately research
ased on within-subjects designs for the past 35 years has
ot led to agreement among researchers on the issue of
hether cardiac surgery improves or diminishes neu-

obehavioral fitness. Cardiac surgery exposes the brain to
any conditions that are known to be harmful to the

rain (eg, emboli, inflammation, hypoperfusion, and so
orth). Therefore we interpret the disproportionate post-
perative neurobehavioral improvements observed in
ardiac surgery patients as evidence of a practice times
urgery interaction. Moreover, recently published data
ndicates that the magnitude of the practice effect and

ractice times surgery interaction is at least one-half
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tandard deviation [2]. As such, this effect is quite large
elative to the magnitude of the neuropsychological
hanges caused by cardiac surgery and, when ignored,
ould significantly undermine a researcher’s ability to
etect the effect of cardiac surgery.
In summary, the available evidence suggests both the

resence of a practice effect and the presence of a
ractice times surgery interaction. The presence of the

nteraction renders it mathematically impossible to iso-
ate the effect of cardiac surgery on cognitive perfor-

ance in a within-subjects preoperative and postopera-
ive research design, even if it includes both control and
xperimental groups. Thus by extension, statement 3 of
he Statements of Consensus is invalid.

Despite the demise of statement 3, there are valid
tatistical and experimental methods to evaluate “the
mpact of the operation or any intervention associated
ith it” [1]. However, these methods evaluate the impact
f the operation and intervention (eg, neuroprotective
trategies) at the group level rather than on an individual
ubject level. Admittedly it is rare to come across
ircumstances in which a pure between-groups research
esign surpasses a within-subjects serial assessment de-
ign in terms of sensitivity to the effects of an interven-
ion. However, for the reasons previously discussed, the
tudy of cardiac surgery on neurobehavioral fitness
eems to be an example of such a circumstance. Cross-
ectional studies comparing cardiac surgery patients
ostoperatively with well-matched nonsurgery patients
ould permit one to estimate the effect of surgery. That

s, eliminating the preoperative assessment will eliminate
he contaminating effects of practice and the practice
imes surgery interaction. If there is an effect of cardiac
urgery, the two groups’ performances should differ.
etween-groups designs would be particularly advanta-
eous in studies aimed at assessing pharmacological or
rocedural (eg, temperature) neuroprotective strategies

n cardiac surgery patients [16, 17]. Here, one simply,
andomly assigns cardiac surgery patients to interven-
ion (ie, hypothermia or drug) and nonintervention
roups (ie, normothermic or placebo), and measures
ostoperative cognitive functioning. Any differences
etween groups will necessarily indicate the effect of

he independent variable. There are some disadvan-
ages associated with between-groups designs relative
o within-subjects designs, such as reduced statistical
ower. Nevertheless, because within-subjects designs
re not viable for the study of cardiac surgery effects on
eurobehavioral fitness, researchers should explore

he solutions to the between-groups design issues.
One goal of neuropsychological research in cardiac

urgery patients has been to quantify the incidence of
linically significant cognitive decline that can be attrib-
ted to the surgery [5]. Therefore, one may argue that
etween-group designs can not tell us which individuals
ere negatively impacted by the surgical procedures.
owever, by using the large body normative data avail-

ble for neuropsychological tests, postoperative neuro-
sychological assessments can enable researchers and

linicians to identify which and how many cardiac sur-
ery patients satisfy standard criteria for being classified
s having clinically significant neuropsychological im-
airments. Between-group comparisons of cardiac sur-
ery patients with well-matched nonsurgery controls,
uch as the controls recently reported by Selnes and his
olleagues [2, 8], should permit useful estimates of the
ncidence of neuropsychological impairment that are
ssociated with cardiac surgery. Between-group compar-
sons are especially appealing because they provide a
alid solution to the problem of how to classify neuro-
sychological change after cardiac surgery (a problem for
hich there has been no agreeable solution when using

erial assessment methods, despite the 35 years of re-
earch on this topic [7, 14, 18, 19]).

In this commentary we have demonstrated that the
ssumptions on which statement 3 of the Statement of
onsensus rests are invalid. In light of this, we advocate

he use of between-groups designs when assessing the
ffects of cardiac surgery on cognitive performance and
ny intervention designed to mitigate the (presumably
egative) effects of surgery. We hope that our discussion
f some of the problems that are inherent in the serial
ssessment of cardiac surgery patients helps to promote

shift in thinking among researchers regarding the
elative merits of between-groups versus within-groups
esearch designs for assessing the neurobehavioral out-
omes of cardiac surgery and interventions that may
mprove cardiac surgery outcomes.
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