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Clinical Judgment and Statistics
Lessons from a Simulated Randomized Trial

in Coronary Artery Disease

KERRY L. LEE, PH.D., J. FREDERICK MCNEER, M.D., C. FRANK STARMER, PH.D.,
PHILIP J. HARRIS, M.B., D.PHIL., AND ROBERT A. ROSATI, M.D.

SUMMARY A simulated randomized clinical trial in coronary artery disease was conducted to illustrate the
need for clinical judgment and modern statistical methods in assessing therapeutic claims in studies of complex
diseases. Clinicians should be aware of problems that occur when a patient sample is subdivided and treatment
effects are assessed within multiple prognostic categories. In this example, 1073 consecutive, medically treated
coronary artery disease patients from the Duke University data bank were randomized into two groups. The
groups were reasonably comparable and, as expected, there was no overall difference in survival. In a subgroup
of 397 patients characterized by three-vessel disease and an abnormal left ventricular contraction, however,
survival of group 1 patients was significantly different from that of group 2 patients. Multivariable adjustment
procedures revealed that the difference resulted from the combined effect of small imbalances in the distribu-
tion of several prognostic factors. Another subgroup was identified in which a significant survival difference was
not explained by multivariable methods.

These are not unlikely examples in trials of a complex disease. Clinicians must exercise careful judgment in
attributing such results to an efficacious therapy, as they may be due to chance or to inadequate baseline com-
parability of the groups.

CLINICAL JUDGMENT in chronic illness involves
a knowledge of the natural history of the disease, the
ability to assess the validity of therapeutic claims and
a means of applying what is known to the individual
patient. Much has been written about the natural
history of angina pectoris.1-10 The literature has
emphasized the importance of multiple factors in
determining outcome and of the heterogeneity of
patients grouped together under the diagnosis of
angina pectoris. This complexity makes the clinician's
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task of interpreting therapeutic claims particularly
difficult. In this paper, a simulated randomized
clinical trial in patients with coronary artery disease is
presented to illustrate the effects that the
heterogeneity of patients with angina pectoris may
have on the results of clinical experiments. The role of
statistics and clinical judgment in solving the problems
encountered is explored. The randomized design is
used because it represents the ideal method of treat-
ment allocation in clinical experiments. The problems
and the approaches to their solutions apply equally
well to both randomized and nonrandomized clinical
studies.

Methods
The subjects in this simulated trial consisted of the

medically treated patients with angiographically
proved coronary artery disease contained in the Duke
University data bank. The data bank has been
described previously." Briefly, baseline historical,
physical examination, laboratory, electrocardio-
graphic, stress test, chest x-ray, angiographic data and
follow-up information on 1073 medically treated
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patients with significant coronary artery disease
formed the basis of this study. Significant disease was
defined as at least a 75% occlusion of one or more cor-

onary arteries. This population represents all con-

secutive patients with coronary artery disease who
were catheterized and treated medically at Duke
University Medical Center between August 1969 and
January 1977. The baseline characteristics were
carefully collected and entered into the data bank dur-
ing each patient's initial hospital evaluation.

These patients and their baseline and follow-up data
were used to simulate a randomized clinical trial. The
patients were randomized into two groups, designated
"treatment" group 1 and "treatment" group 2. In this
experiment, the patients received the same treatment,
but the two groups would correspond to different
therapeutic interventions in an actual clinical trial.
The experimental design was similar to that used in
the VA Cooperative Study of coronary artery bypass
surgery.12 The 1073 patients were stratified (blocked)
according to age (under 50 years and 50 years and
older) and the number of significantly diseased vessels
(one, two or three). Randomization to group 1 or
group 2 was performed separately within each of the
six prognostic strata. In an actual trial, randomization
would be performed at the time of patient entry into
the study. This was mimicked in the simulated trial by
allocating patients according to the date of cardiac
catheterization. Well-described balancing methods
were used to ensure relative chronologic balance
between "treatments."'3 Random numbers were
generated using an automated shift-register, random-
number generator.14
Group 1 and group 2 were compared with respect to

the distribution of baseline characteristics in order to
determine whether equalization of baseline abnor-
malities had been achieved. The chi-square test was
used in the case of discrete variables and the t test for
two independent samples was used for continuous
variables. These univariate methods compare the dis-
tribution of single characteristics between treatment
groups.

Life-table survival rates'5 were calculated and com-
pared using categorical data methods.'6 Multivariable
methods, including the Cox survival model'7 and the
Mantel-Haenszel (or log-rank) test for survivor-
ship,'8' 19 were used 1) to identify baseline character-
istics that were important predictors of survival, and
2) to perform survival comparisons that were adjusted
or corrected for the effects of multiple baseline
characteristics. Further details concerning the multi-
variable methods are provided in an appendix.

After comparing the overall survival in group 1 vs

group 2 patients, selected subgroups of patients from
both groups were examined. The subgroups were

defined using combinations of prognostically impor-
tant baseline characteristics such as the number of
significantly diseased vessels and left ventricular con-

traction pattern (interpreted as normal or abnormal,
where abnormal indicated the presence of one or more

localized areas of asynergy). Baseline comparability,
survival and the effects of the distribution of

prognostically important baseline characteristics on
survival were examined in the subgroups using the
same methods detailed above.

Results
Selected baseline characteristics of the patients in

this experiment are presented in table 1. Univariate
statistical comparisons of the variables yielded no
significant differences between groups 1 and 2 except
in left ventricular contraction pattern.
As expected, yearly life-table survival rates of the

randomized groups 1 and 2 were similar: 89.7% and
89.2% at 1 year, 76.9% and 79.1% at 3 years and 69.3%
and 72.0% at 5 years. All multivariable methods in-
dicated that the overall survival of group 1 and group
2 patients was consistent with the distribution of
baseline characteristics and was not affected by the
"treatment" (i.e., randomization). Survival rates for
each of the strata (defined by number of diseased
vessels and age) within which the patients were ran-
domized are given in table 2.
The prognostic significance of the baseline variables

in table 1 was assessed by the Cox model,17 and the
patient population was stratified with respect to two
prognostically important descriptors: the number of
diseased coronary vessels (one, two or three) and left
ventricular contraction pattern (normal or abnormal).
In one of the resulting six subgroups, a statistically

TABLE 1. Distribution of Selected Baseline Characteristics

Prevalence (%)
Total Group 1 Group 2

(n = 1073) (n = 539) (n = 534)
Males 85 84 85
Age > 50 years 53 53 53

History of previous
MI 51 49 53

History of CHF 14 14 14

Cardiomegaly on
chest x-ray 20 18 22

Diagnostic Q waves
on ECG 43 41 46

Resting ST-T-wave
abnormalities 47 47 47

LVEDP
> 18 mm Hg 15 14 15

AVO2D > 5.5
vol % 19 19 18

Single-vessel disease 24 24 24

Three-vessel disease 51 51 51

Abnormal LV
contraction 60 57 63

Significant mitral
insufficiency 8 6 10

Left main stenosis
> 50% 16 17 15

Abbreviations: MI = myocardial infarction; CHF = con-
gestive heart failure; LVEDP = left ventricular end-diastolic
pressure; AVO2D = arteriovenous oxygen difference; LV =
left ventricular.
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TABLE 2. Life-table Survival Data

Stratum* Survival (%)
Diseased Age 1 3 5
vessels (years) Group n year year year

1 < 50 1 70 94 92 84
2 70 97 95 92

1 > 50 1 59 98 93 84
2 57 94 94 88

2 < 50 1 64 98 93 90
2 64 95 91 91

2 > 50 1 73 94 81 71
73 90 78 75

3 < 50 1 95 83 75 66
2 93 85 79 70

3 > 50 1 178 83 59 48
2 177 84 69 60

*These are the strata within which the patients were ran-

domized.

significant difference in survival was found between
group 1 and group 2 patients (p < 0.025). This sub-
group was composed of 397 patients: 194 group 1 and
203 group 2 patients with three-vessel disease and an
abnormal left ventricular contraction pattern. In
figure 1, the long-term survival of group 1 patients in

100
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FIGURE 1. Comparison of long-term survival in a sub-
group composed of 194 group 1 patients ("treatment" A)
and 203 group 2 patients ("treatment" B) with three-vessel
disease and an abnormal left ventricular contraction pattern.

this subgroup is markedly lower at 3 years and beyond
than that of group 2 patients.
The prevalence of prognostically important baseline

abnormalities in this subgroup is shown in table 3 for
each group. The percentage distribution suggests that
group 1 patients are slightly sicker (the prevalence of
each abnormal condition is generally higher), even
though univariate statistical comparisons of these
variables fail to reveal significant baseline differences
between groups.

Multivariable methods were used to determine if
the distribution of prognostically important baseline
characteristics rather than the "treatment" might
have caused the survival differences in this subgroup of
397 patients. Based on the survival-modeling method
of Cox,"7 the prognostic significance of the factors in
table 3 is shown in table 4. The entry in column 1 for
each variable is a chi-square statistic whose magnitude
indicates the relative prognostic importance of each
characteristic considered individually. On a univariate
basis, the "treatment" (randomization) appeared to
be a significant factor in the survival of this subgroup
(x2 = 5.4; p < 0.025). When the variables were con-
sidered jointly (column 2, table 4), the treatment effect
became nonsignificant (X2 = 2.4; p = NS). Similar
results were obtained with the Mantel-Haenszel test
for survivorship data.'8 19 That is, the apparent
"treatment" difference was explained by the combined
effect of small inequalities among several prog-
nostically important baseline characteristics.

Additional stratification based on a third prognostic
variable, history of congestive heart failure (yes or

no), was also done. In the subgroup consisting of 143
group 1 and 155 group 2 patients with three-vessel dis-
ease, an abnormal left ventricular contraction pattern
and no history of congestive heart failure, the
significance of the two-group "treatment" comparison
was even more dramatic (x2 = 10.0;p < 0.01). Three-
year survival rates were 60% and 80% in groups 1 and
2, respectively.* Again, the prevalence of other
prognostically important baseline abnormalities in
this subgroup appeared slightly higher in group 1 than
in group 2 patients. In this case, however, the
significance of the observed difference in survival
between the two groups persisted after adjusting for
multiple prognostic characteristics. (After adjusting
for the variables in table 3, the chi-square for
"treatment" was 9.3, p < 0.01.)

Discussion
This simulated randomized clinical trial was per-

formed to illustrate problems that may arise in assess-

*The Cox and Mantel-Haenszel statistics take into account the
overall structure of the survival curves being compared, not just
their values at one time point. The pattern of deaths in this par-
ticular subset explains the more significant "treatment" com-
parison. Twice as many deaths (22 vs 1 1) occurred during the first
year in group 1 compared with group 2; this dramatic early
difference was maintained throughout the follow-up period. By con-
trast, in the 397 patients in the larger subgroup, the pattern of
deaths did not cause a marked separation in the survival curves until
the third year (see fig. 1).
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Characteristics: Subgroup
Abnormally Contracting

Prevalence (%)
Group 1 Group 2

(n = 194) (n = 203)
History of CHF 26 24

Cardiomegaly on chest x-ray 33 33

Resting ST-T-wave abnormalities 67 58

Significant mitral insufficiency 13 18

AVO2D > 5.5 vol % 31 24

LV diffusely abnormal contraction 32 24

Left main stenosis > 50% 20 19

Abbreviations: CHF = congestive heart failure; AVO2D
= arteriovenous oxygen difference; LV = left ventricular.

ing therapeutic effects when seeking information rele-
vant to specific patients from a study that contains
patients with various prognoses. The problems of sub-
grouping patients according to prognostic descriptors
and performing treatment comparisons within some
or all of the subgroups are well known to biostatisti-
cians, and to many clinicians on a theoretical basis,
but have not received adequate practical attention in
real clinical trials.
Many randomized trials in chronic disease are

prospectively designed to answer a single, usually
rather broad question. At completion, such trials are
frequently best known for the answers to questions
that were asked retrospectively in particular patient
subgroups. For example, in the University Group
Diabetes Program, a prospective study was under-
taken to determine whether various treatments would
affect the development of vascular complications in a
selected group of diabetic patients.20 The controversial
claim from this study that in certain patients
tolbutamide increased the risk of cardiovascular
deaths21, 22 iS well known. The Veterans Administra-
tion Cooperative Study of Surgery for Coronary

TABLE 4. Comparison of Individual and Joint Prognostic
Significance of Baseline Variables*

Individually Jointly

Treatment 5.4 2.4

History of CHF 36.1 3.8

Cardiomegaly on chest x-ray 15.7 0.3

Resting ST-T-wave abnormalities 8.4 2.2

Mitral insufficiency 25.1 2.7

Arteriovenous oxygen difference 52.0 11.1

LV diffusely abnormal contraction 17.3 0.3

Left main stenosis 6.9 5.7

*Subgroup with three-vessel disease and an abnormally
contracting ventricle (397 patients). Numerical entries are
chi-square statistics with one degree of freedom. For values
above 3.84, p < 0.05.

Abbreviations: CHF = congestive heart failure; LV =
left ventricular.

Arterial Occlusive Disease was prospectively designed
to investigate whether coronary bypass surgery

affected survival in patients with coronary artery dis-
ease.12 Its claim that surgery improved survival in the
subgroup of patients with left main coronary artery
disease has greatly influenced treatment decisions.

Considering the tremendous investment of re-

sources that goes into the conduct of a clinical trial,
most investigators are not content with an answer to
only one broad question. Furthermore, in many im-
portant studies of chronic disease, the state of
knowledge at the initiation of the investigation (e.g.,
regarding prognostic factors) limits rigid prespecifica-
tion of precisely which subgroups will be examined.
Additional questions are justified because of the
clinical variation in the patients and the relevance of
subgroups to individual patient treatment.

In the overall sample in this simulated trial, the ran-

dom allocation of patients achieved a reasonably
balanced distribution of baseline risk factors. The
overall survival of group 1 was not different from the
survival of group 2 at the 0.05 level of significance.
This was the expected result because the "treatment"
was randomization. A significant overall difference in
survival in such an experiment would rarely occur by
chance (i.e., if testing at the 0.05 level, five differences
in 100 such experiments are expected).
What happens when additional questions, perhaps

unanticipated in the initial study design, are asked of
the data? In this simulated clinical trial, stratifying the
patients on the basis of two prognostically important
variables the number of diseased vessels and left
ventricular contraction pattern produced a sub-
group of 397 patients in which group 1 patients had
significantly different long-term survival from group 2
patients. With the addition of a third stratifying
variable history of congestive heart failure treat-
ment differences were even more dramatic in the 298
patients with three-vessel disease, abnormal ven-
tricular contraction and no history of congestive heart
failure.
Such differences are likely to arise.23' 24 For exam

ple, if 10 independent tests are performed (e.g., com-
parisons in 10 nonoverlapping subgroups), each at the
0.05 level of significance, there is a 40% chance that
one or more significant results will be observed even if
the treatment is ineffective.* If 20 independent com-
parisons are made, the chances increase to 64%. These
chance differences are most likely to appear in high-
risk patients (e.g., patients with left main coronary
artery disease, three-vessel disease or ventricular im-
pairment). In such groups, death is a frequent oc-

currence, and chance maldistributions have a greater
likelihood of being statistically significant. The impor-
tant point is that as patients are subgrouped and treat-
ment comparisons are performed in multiple classes of
patients, not all observed differences in survival can be
attributed to efficacious treatment.

*If k independent comparisons are performed, each at the 0.05
significance level, the probability of one or more significant results,
even when there are no treatment differences, equals l- (0.95)k.

TABLE 3. Comparison of Baseline
with Three-vessel Disease and an
Ventricle
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There are at least three strategies for dealing with
this problem. One approach is to ignore the results ob-
tained in subgroups and use only the overall result.
This seems acceptable, however, only if the interest is
oriented toward population or public health concerns
and an answer that applies "on the average" is
satisfactory. For the doctor caring for a patient, this
solution is clinically unsatisfactory. He or she needs
information about prognosis in a subgroup of patients
with clinical manifestations similar to those of the
patient under treatment. The alternative approach of
performing trials in many subgroups of patients is im-
practical and the possibility that multiple comparisons
would yield one or more significant results by chance
still remains.

Careful statistical interpretation is helpful. On the
simplest level, one can apply a rule derived from a

relationship that statisticians refer to as the
Bonferroni inequality.25 If the investigator can specify
in advance the number of subgroups to be examined, a

guideline for accepting a particular comparison as
significant is whether the p value is less than 0.05
divided by the number of subgroups.26* For example,
in the simulated trial, the p value would have to be
0.05 divided by 18 (6 + 12 subgroups) or ap-
proximately 0.003. The comparison in the first sub-
group does not meet this criterion for significance. The
p value in the subgroup with three-vessel disease, ab-
normal ventricular contraction and no history of con-
gestive heart failure does meet this criterion. Thus,
while this guideline is helpful, its use does not com-
pletely protect the study from an incorrect conclusion.
In addition, in a complex disease where there is con-

siderable variation in the patients, the number of com-
parisons will probably be large. The required p value
may be nearly impossible to reach, particularly
because comparisons of different outcomes adds to the
multiplicity in the same way as examining additional
subgroups.26
A relatively common preliminary step in assessing

therapeutic effects has been to compare the distribu-
tion of prognostic baseline variables between treat-
ment groups to assure that the groups are similar. If
each variable appears equally distributed between
groups (that is, differences are not statistically
significant), the treatment groups are claimed to be
comparable. As our experiment indicates, univariate
comparisons alone do not necessarily reveal baseline
differences between treatment groups that can affect
the assessment of treatment effects. With modern
multivariable analysis techniques, the significance of
observed differences in outcome may possibly be ex-
plained by the combined effects of several statistically
insignificant differences between groups in the impor-

tant prognostic variables. Multivariable statistical
techniques such as the Cox model17 and the Mantel-
Haenszel test for survivorship'8' 19 permit survival

comparisons that are adjusted for the effects of multi-
ple baseline characteristics. This is mandatory in a
complex setting such as coronary artery disease. In
addition, these methods include all patients in the
analysis regardless of the length of follow-up, and use

information on when patients died rather than simply
the number of deaths. As Peto et al. pointed out, this
allows a more informative, sensitive assessment of the
value of each treatment.23 24

From the results of this simulated trial, one might
attempt to explain the differences in outcome between
patients from groups 1 and 2 in the second subgroup
by postulating differences in other baseline
characteristics. Indeed, one may legitimately ask
whether a more quantitative measure of ventricular
function (e.g., ejection fraction) or information about
the actual medical treatment received may have ex-
plained the difference in survival. Recognizing that
random patient allocation does not guarantee equal
distribution of all risk factors, particularly in sub-
groups selected for examination after the study was
designed and data were collected, there are un-
doubtedly factors that might explain many such
differences in outcome. Despite sophisticated statis-
tical techniques, however, when many subgroups are
analyzed, there will be differences in outcome that
cannot be explained by baseline differences of known
variables. In such cases there are four possible ex-

planations: 1) the patients were inadequately charac-
terized; 2) the patients were adequately characterized
but the statistical methods were inadequate to
properly relate baseline differences to outcome; 3) the
treatment was effective; or 4) the difference was due to
chance.

In assessing therapeutic claims, the doctor must
consider the adequacy of the experimental design and
conduct of the study, the adequacy of the analysis and
presentation of results, the strength of the conclusion
and how the findings relate to his clinical experience
and to clinical knowledge. The essential components
of experimental design have been reviewed.27 We and
others have discussed modern multivariable analysis
techniques.23 24 Regarding strength of the conclusion,
one will normally have more confidence in results
significant at the 0.0001 level than in those that
achieve only the 0.05 level. The consistency of
therapeutic effects over time (e.g., as observed by sub-
dividing the follow-up period and analyzing the data
within more than one time interval) will also
strengthen the conclusion.24

If satisfied with the adequacy of the design and
analysis, the clinician must weigh results of a clinical
trial with what his training and experience could
reasonably lead him to expect. For example, the clini-
cian might expect that treatment would affect more
than one manifestation of the target disease. In cor-
onary artery disease, a therapy that reduces the fre-
quency of anginal pain and death might be expected to
reduce the frequency of nonfatal myocardial infarc-
tion as well. A therapy that increases survival in left
main coronary artery disease might also be expected
to improve survival, though perhaps less dramatically,

*If k is the number of subgroups to be examined, requiring the p
value of each comparison to be less than a/k will assure an overall
level of significance for the k tests that is no greater than a,
regardless of whether the tests are independent.
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in three-vessel disease. Such expectations are based on
clinical experience and biologic principles. Finally,
results of different studies that are designed and
analyzed adequately should be consistent. Frequently,
new interpretations, especially if based on the analysis
of subgroups, should be treated as tentative until con-
firmed by other studies.
The problems faced by the clinician in assessing

therapeutic claims is well illustrated by studies of the
efficacy of aortocoronary bypass surgery. Many
studies use medical controls whose comparability to
the surgical series has not been or cannot be deter-
mined.28-30 Because differences in survival can arise so
easily in a simulated randomized trial, one should not
readily accept the results of a study with unmatched
controls whose baseline data are insufficient for ade-
quate statistical analysis. In the interpretation of three
studies that do have fairly reasonable controls, careful
assessment is still necessary. The VA Cooperative
Study is a randomized trial.31 The Duke7 and the
Seattle32 groups have studied concurrent operated and
nonoperated series that were not randomized. These
three studies have reached some consistent con-
clusions. Their reports indicate that aortocoronary
bypass surgery did not prolong 4-5-year survival when
medically and surgically treated patients were com-
pared overall. All reported a subgroup in which sur-
gery did appear to improve survival. Each subgroup
contained relatively high-risk patients: left main cor-
onary artery disease,33 three-vessel disease with abnor-
mal ventricular contraction but normal arteriovenous
oxygen difference (subgroup F),7 and two-vessel dis-
ease with moderately reduced ejection fraction.32
None of the studies confirmed the differences found in
others' subgroups. All claimed significance with only
moderately low p values (0.02, 0.028 and 0.03).
Multivariable methods were not applied to these sub-
groups to adjust for possible baseline differences.

In the study at Duke, continued observations of out-
come in the patients with three-vessel disease, abnor-
mal ventricular contraction and normal arteriovenous
oxygen differences failed to confirm the original find-
ings.34 For the left main coronary artery disease sub-
group of the VA Cooperative Study,33 the prevalence
of several prognostic factors in table 5 suggests that
the medically treated group was slightly sicker. None
of the baseline differences taken individually achieve
statistical significance in these small sample sizes. If
there had been 200 patients on each treatment, and the
proportions in table 5 remained the same, the
medically treated group would have been statistically
different (at greater risk) from the surgically treated
group with respect to the proportions of patients hav-
ing an ejection fraction less than 50%, right coronary
involvement and severe left ventricular dysfunction.
Further discussions of the VA study and randomized
clinical trials appear in a recently published sym-
posium debate.35
The clinician must attempt to decide rationally if

the differences reported in these and other subgroups
are chance occurrences or whether they are actually
due to aortocoronary bypass surgery. Frequently, this

TABLE 5. Distribution of Selected Prognostic Factors (VA
Coronary Arterial Disease Study: Left Main Subgroup)

Prevalence (%)
Medicine Surgery
(n= 53) (n= 60)

Left main stenosis > 70% 66 57
No. vessels involved with One 15 10

significant disease in Two 23 35
addition to left main Three 62 53

Right coronary involvement 90 78
Abnormal LV size 24.5 26.7
Abnormal LV contractility 45.3 51.7
Ejection fraction < 50% 28.3 16.7
Severe LV dysfunction (score > 5) 28 18

Abbreviation: LV = left ventricular.

is not a straightforward judgment. As our simulated
study makes clear, caution is necessary, even in ran-
domized clinical trials. In today's studies of
therapeutic effects in a complex chronic disease, in-
vestigators generally accept the importance of com-
plete, carefully collected baseline data, a comparable
control group, and physiologic rationale for treatment
effects. Other points such as the likelihood of chance
differences achieving statistical significance when mul-
tiple subgroups are analyzed and reanalyzed, or the in-
fluence on outcome comparisons of the combined
effect of several relatively small differences in baseline
prognostic variables may not be so obvious. These
points are often ignored or not mentioned in the
presentation of results of clinical research. Clinical
studies must continue to add to our understanding of
diseases such as coronary artery disease and to
provide information relative to the care of individual
patients. We hope that the information presented here
will enable clinicians to make a more careful and in-
formed evaluation and interpretation of these studies.
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Appendix
The Cox model,17 an analog of the multiple linear regression

model, was developed for the analysis of survival data. Unlike
methods that consider survival at isolated time points, the Cox
model takes into account the overall structure of the survival curves
under study. It can accommodate varying lengths of patient follow-
up, and it uses information on the time to death (i.e., the order in
which the deaths occur) rather than simply enumerating the number
of deaths. With this model, relationships can be studied between an
outcome (response) variable and multiple patient baseline
characteristics. The outcome variable of primary interest in most
clinical follow-up studies is patient survival time; however, the time
to end points other than death, such as the first myocardial infarc-
tion, can also be studied. The baseline patient descriptors may be
either continuous or discrete measurements. Each baseline descrip-
tor can be considered individually to determine whether it has a
significant univariate relationship with survival. More important,
however, multiple baseline characteristics can be analyzed jointly to
determine which descriptors contribute independent prognostic in-
formation after adjustment for the effects of other variables. In an
analysis to determine whether therapy is significantly related to sur-
vival, a treatment variable is included as one of the baseline
characteristics. Therapeutic effects can thus be assessed without ad-
justment and with adjustment for the effects of other prognostic
variables. The latter is of critical importance when there are mul-
tiple prognostic factors, some of which may be unequally distributed
between treatment groups. Another advantage of the Cox model is
that, in contrast to standard multiple regression procedures, it can
accommodate "censored" survival times. Such observations arise
because at the time of analysis, many patients are still alive, and the
time to their deaths is known only to be greater than the current
length of their follow-up. These patients are said to have a "cen-
sored" survival time.
A mathematical expression for the model is given by the equation

loge ( A(t) )=4 xil+ . +/3pXip (Al)

where Xi (t) is the hazard function at time t for the ilh patient, X0 (t)
is an arbitrary (unspecified) underlying hazard function, XX1, ....
Xi, are characteristics of the ibh patient and the ,B,, . . Op are re-
gression coefficients estimated from the data. The hazard function is
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similar to a death rate. Mathematically, it is the probability that a
subject will die within an arbitrarily small interval of time (t,
t + At), given that the subject has survived to time t. An assumption
of the Cox model is that the hazard functions for any two subjects
are proportional over time. From equation (Al) a likelihood func-
tion has been derived, and in any particular application, the regres-
sion parameters are estimated by maximizing the value of the
likelihood function. To assess whether a particular characteristic is
a significant independent predictor of survival, a test of significance
is performed on the corresponding regression coefficient to deter-
mine if it is significantly different from zero. When many variables
must be analyzed, the Cox model can be fitted in a stepwise fashion

so that the first variable included is the single variable most impor-
tant in explaining the survival pattern of the patients under study;
the second is the variable which, when added to the first, gives the
best pair of prognostic variables, and so on. Documentation of an
efficient computer program that we use for performing these
calculations will be furnished upon request.
The Mantel-Haenszel test, also applicable with variable-length

follow-up and censored observations, is based on combining infor-
mation from a set of contingency tables (one table for each time a
failure occurs). A clear expository explanation with clinical ex-
amples is provided in part two of the excellent two-part series of
papers in the British Journal of Cancer.28' 24

Spectral Analysis of Arterial Bruits
(Phonoangiography): Experimental Validation
ARNOLD MILLER, M.B.CH.B., ROBERT S. LEES, M.D., J. PHILIP KISTLER, M.D.

AND WILLIAM M. ABBOTT, M.D.

SUMMARY Turbulent flow in arteries produces sound recognized at the skin surface as a bruit. Spectral
analysis of such bruits (phonoangiography) is the basis for a simple, noninvasive method of quantifying arterial
stenosis. In human studies of carotid stenoses, the spectral break frequency of the bruit (f.) (frequency beyond
which bruit amplitude drops sharply) was directly related to the angiographic residual lumen diameter (d), i.e.,
d = U/fo, where U is flow velocity. In the clinical situation, flow velocity remains relatively constant because
of cerebrovascular autoregulation. In order to test the effects of flow velocity on bruit frequency, we have cor-
related, under controlled conditions, stenosis anatomy, blood flow, and the sounds originating from an ab-
dominal aortic stenosis produced in adult mongrel dogs by external application of a 5-mm wide Teflon band.
Aortic flow was measured in arbitrary units with an electromagnetic flowmeter and varied by stepwise constric-
tion of bilateral femoral arteriovenous fistulas. Bruits were recorded on tape and analyzed by computer.
The relationship between flow through the stenosis and break frequency of the bruit was linear (r = 0.89) in

10 dogs. Where d was altered in three other dogs, the relationship between flow and break frequency remained
linear for each different d.
The data suggest that the relationship between break frequency, flow velocity and residual lumen diameter

holds over a wide range of values of each of those variables.

ARTERIAL STENOSIS, when severe, produces tur-
bulent flow distal to the stenotic site.1 This turbulence
in turn produces pressure fluctuations that may be
recorded as a bruit, either on the vessel wall or on the
skin surface. The spectra of the turbulent pressure
fluctuations have been shown to be similar to those of
in vitro pipe turbulence.' We have devised a method of
arterial bruit analysis based on the analysis of tur-
bulent flow that allows estimation of the extent of
arterial stenosis at the site of origin of the bruit.2-5
This method is based on the algorithm d = U/fo,

where d is the residual lumen diameter at the stenosis,
U is linear flow velocity and f0 is the characteristic
break frequency of the bruit, the frequency beyond
which amplitude falls off with increasing frequency.3
The algorithm, although applied with significant ac-

curacy to evaluate the degree of carotid artery stenosis
in humans, has not been tested under controlled con-
ditions in experimental animals.
We present here studies in the dog of the

relationships among blood flow velocity, extent of
stenosis and the characteristics of the sound produced.
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Methods

Theoretical Background

Initial studies in our laboratory suggested a com-
plex relationship between residual lumen diameter at a
stenosis, flow velocity and the power spectrum of the
sound produced,1' 2 but further theoretical analysis3
and a sizeable clinical experience3-5 confirmed that the
simple relationship f0d = SU accurately describes the
production of sound by a vascular stenosis, where f. is

 by on April 29, 2007 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org



