EVALUATION OF A DECISION-SUPPORT SYSTEM
FOR PREOPERATIVE STAGING OF
PROSTATE CANCER

PHEI LANG CHANG, MD, YU-CHUAN LI, MD, TA MIN WANG, MD,
SHIH TSUNG HUANG, MD, MING LI HSIEH, MD, KE HUNG TSUI, ML}

ted from MEDSCAL DECISION MAKING
Published by HANLEY &, BELFLS, INC., Philadeiphla, PA © 1999




Evaluation of a Decision-support System

for Preoperative Staging of Prostate Cancer

PHEI LANG CHANG, MD, YU-CHUAN LI, MD, TA MIN WANG, MD,
SHIH TSUNG HUANG, MD, MING LI HSIEH, MD, KE HUNG TSUI, MD

mmmwmlﬂlmm—ﬂmnw:mprmpamm
ing of prostate cancers (PCES) wera evaluated, The study population consisted of 43
Mmmmmmuﬂwmﬂmmmmm
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four urology attending physicians and five urology residents. The affect of PCES con-
suitation on the physicians’ siaging of prostate cancer was also evaluated. To confirm
hmmmuummmmwmmﬂm.wm-
figan density, prosiate volume, and abnormal Gleason score in the PCES, their re-
mmmimc}mmmﬂmmmm
were plotied. The valuss of the areas under the curves were 0,772, 0.800, 0.531, and
0.752. Tha stage of prosiate cancer was comectly determined by the PCES for 38 of
tha 43 patients, Mngﬂﬁjﬂpmupumdwgnnﬁnmmw.mmamﬂp-
nificantty more accurate than two of the attending physiclans and all residents. PCES
consultation iImproved the reaidents’ siaging accumecy 10 approximately that of the at-
tending physiciana. The effect of PCES consultation on the residents’ staging was
significantly (p < 0.001) grealer than the affect on the physicians' staging. The PCES
miy be useful in the preoperative staging of prosiate cancers, espacially during resi-
dancy. Thqarﬂm':mmqrhdnﬁrmhmhmmwmmm“r
may make It posalbls to avold unneccesary surgical operations. Key words: decision-
SuUppor system; expart system; prosiate cancer. {Med Decis Making 1999;19:419—

427)

Accurate preoperative staging of prostate cancer is
a difficult process. About a third of patients thought
preoperatively to have organ-confined prostate can-
cer are found to have extraprostatic imvolvement at
the time of operation. Preoperative staging for pros-
tate cancer is very important because the methods
of management of localized and advanced prostate
cancers differ. Surgical operation is usually the
method of choice for localized prostate cancer. Ra-
diotherapy and/or hormone therapy are usually the
method of choice for advanced prostate cancer?

A medical decision-support system is a computer-
based consultation systern using artificial intelli-
gence technique to emulats the decision-making
behavior of a human medical expert® Decision-

support system training has been reported to be
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useful in making management decisionas for patients
with prostate cancer. Since 1991, we have devel-
oped an expert system to help residents diagnose
renal masses more accurately preoperatively’ In
1983, we developed another decision-support sys-
tem, the prostate cancer expert system (PCES), to
preoperatively evaluate patients undergoing opera-
tion for prostate cancers.

The standard technique to detect the extent of
prostate cancer is prostate-specific antigen (PSA) de-
termination, followed by digital rectal examination
{DRE), transrectal ultrasonography (TRUS) with bi-
opsy, abdominal computed tomography (CT), and
magnetic resonance imaging (MRI). For diagnosis of
prostate cancer, serum PBA ia one of the most Im-
portant tumor markers. PSA elevations to values
greater than 4 ng/mL may warrant prostatic biopsy.
The higher the PSA concentration, the less likely a
prostate cancer is to be localized.® However, the pre-
dictive value of PSA alone is too low to be clinically
useful for individual patients. DRE provides clinical
information about the size and location of prostate
cancer. However, staging of prostate cancer by DHE
alone is inaccurate and Is dependent on the exam-
iner's experience. TRUS has been used for many
years o assess both the volume of cancer within the
prosiate and extracapsular extension. The senasitivity



of TRUS in detecting extracapsular extension of
prostate cancer has been reported to be 59-87%,"
TRUS has also been reported to be a valuable
method for the staging of prostate cancer.® However,
even If TRUS could accurately assess tumor volume,
its predictive value is too low for sole use in making
treatment decisions.” We believe that combining PSA
levels and the findings of DRE and TRUS can in-
crease the accuracy of preoperative assessment of
the extent of prostate cancer. By utilizing a Bayesian
probabilistic inference engine and a frame-based
knowledge base, the PCES provides physicians with

i preoperative staging of prostate cancer when PSA,
DRE, TRUS, and other clinical findings are given.
The PCES was developed in an effort to improve the
interpretation of preoperative staging techniques 1o
discriminate between localized and advanced pros-
tate cancers, In this smudy, we evaluated the useful-
ness and effectiveness of the PCES in the preoper-
ative staging of localized and advanced prostate
cancers and compared the accuracy of results ob-
tained using the PCES with the accuracy of staging
performed by four attending physicians in urology
and five urology residents.

Table 1 e Probabilistic Frame for Prostate Cancer with Lymph-noda Involvemant: Posterior Probability 0.769

Trus-positive Falss-positive Likellhood Ratic
Stalus Cost Rate Rata LR+ LR-
Frostate-epecific antigen (ng/mL)
normal = 4.0 45.0
21-30 530 0.42 - 4.66 0.08
3140 0.58 — 19.30 0.03
41-50 0.70 —_ 25.40 0.02
=»5/0 0.75 — 28.50 0.02
Transrectal ultrasonography shows
hypoachoic lesione in both parpharal and transl-
tional zones 560 0.45 1.83 4.50 0.10
ar
tumors have an imegular outline and capsular
distortion 0.52 1.87 5.20 0.10
o
fumar involves seminal vesicles 0.80 4.75 16,00 0.05
Digital rectal examination shows
4 palpable mass, imvoives both lobes 0.48 1.67 3.68 .13
or
A palpabls mass, involves saminal vesicles 0.70 2.83 5.83 0.12
- or
a palpable mass, oulside capaula 0.60 225 B.00 0.10
Abdominal CT scan shows anlargement of petvic
hrrph nodas $300 0.80 8.50 6.00 0.15
Bona scan shows no bone metastasis £300 0.85 2.33 1.70 0.50
Chast film (PA) shows no lung metastasis $10 0.80 1.50 1.14 0.70
Glaason scoma £20
5-8 0.30 -_ 2.00 0.15
7-8 0.60 = 7.50 0.08
=8 0.82 = 8.00 0.01
antigen density (normal < 0.15)
0.15-0.30 0.30 —_ 1.00 0,30
0.31-0.44 0.40 — 1.02 0.38
=045 0.60 — 1.7 0.50




Table 2 = Prostate Cancer Expert System Categorization of Prostate-specific Antigen, Digital Rectal Examination, and

Transrectal Ultrasonography Findings

Prostate-specfic
Antfigen Digital Rectal Examination Tranasrectal Ultrasonography
1 =4 Nonpaipable Mo hyposcholc lesion
5—-10 Palpable, fess than one lobe, surrounded by normal A small hypoachaole lesion (=0.7 cm) In
tiggus the peripheral zone
3 11=15 Palpabin, lass than one lobe A larger hypoachole leslon (=0.7 em) In
the peripheral zone
4 16-20 Palpable, one antire lobea A hypoechaic lesion in the transitional
zana with normal paripheml zone
5 21-30 Palpable, involves both lobas Hypoecholc lesions in both peripheral and
transitional zones
B 31-40 Palpable, outside capsule, not inlo saminal vesicles Tumore have an imegular outline and cap-
sular distortion
T 41=50 Palpabla, involves seminal vasicles Tumor involvas saminal vesicles
] =50
Materlals and Methods other six probabilistic frames.

The PCES for preoperative staging of prostate can-
cer was developed and run on an IBM-compatible
personal computer. It was developed using the IL-
1AD shell, which is a large expert system for differ-
ential diagnosis.”” The PCES decision-support system
contains 12 prostate cancer probabilistic frames. Ta-
ble 1 shows the probabilistic frame for prostate can-
cer with lymph-node involverent. The probabilistic
frame is designed by knowledge engineers using the
true-positive rate and the false-positive rate to rep-
resent the relationships of abnormal findings 1o
stages of prostate cancer. Much of the power of the
PCES to mimic expert behavior is based upon the
way these frames can inleract with one another.
These clinical findings are processed sequentially,
using Bayes' theorem, which describes the relation-
ship of a stage of prostate cancer to its manifesta-
tions, and provides a basis for explaining its conclu-
sions."” Initially, 16 cases of prostate cancer (two
cases in each stage] were used to train the model.
Before beginning our study, the PCES was used in
the diagnosis of prostate cancers for about six
months and corrected as needed.

The clinical stages of prostate cancer are classified
as Al, A2, B1, B2, C1, C2, D1, and D2. Stage Al and
AZ cancers occur in the transition zone of the pros-
tate and are discovered incidentally during surgery
for benign prostatic hyperplasia. Stage Bl and B2
cancers are confined to the prostate. Stage C1 and
C2 cancers are those involving soft tissues outside
the prostate. Stage D1 cancers involve pelvic lymph
nodes. Stage D2 cancers involve distant organs. In
our study, localized prostate cancer included stages
Al, A2, B1, B2, C1, and C2, and advanced prostate
cancer included stages D1 and D2. In the PCES, lo-
calized prostate cancer contains six probabilistle
frames and advanced prostale cancer contains an-

The PCES stages prostate cancer by using the fol-
lowing information: 1) patient age; 2) PSA level; 3]
prostate-specific antigen density (PSAD); 4) DRE find-
ings; 5) TRUS findings; 6) Gleason score (from the
prostate biopsy); 7) abdominal CT scan findings; 8]
chest x-ray findings; 9) bone scan results; and 10)
MR findings. All of this information is important for
staging the prostate cancer. However, surgical ex-
ploration is necessary to detect pelvic lymph-node
involvement in patients with stage D1 prostate can-
cer. The output of the PCES is a list of probable
diagnoses in descending order of their probability.
The stage of prostate cancer was determined by the
PCES if the diagnosis was listed as the most likely
diagnosis and its calculated probability was greater
than 50%. In this study, two diagnostic categories
were considered: "localized" and "advanced" pros-
tate cancers. Stage D2 cancers were easily diagnosed
and were excluded from the study.

From January 1993 to November 1997, 674 con-
secutive patients at our hospital received the diag-
nosis of prostate cancer. Transrectal biopsies of the
prostate histologically confirmed prostate cancer in
all patients. Five hundred and twenty-six patients
{78%) who had the diagnosis of stage D2 prostale
cancer with positive findings in bone scanning were
scheduled to receive radiotherapy and/or hormone
therapy. One hundred and five patients who had the
diagnosis of prostate cancer without metastasis re-
fused surgical operation, and received radiotherapy
and/or hormone therapy. The remaining 43 patients
with the clinical diagnosis of prostate cancer wers
admitted to our hospital and underwent surgical op-
eration. After patient admission to our department,
a complete history was taken and a physical exam-
ination performed, followed by urinalysis and a
plain film of the abdomen. All patients underwent
the usual precperative diagnostic evaluation for
prostate cancer. The patients’ ages ranged from 46



to 75 years, with an average age of 67 years. All pa-
tients had CT scan examinations, and ten patients
had MRI examinations.

The findings of PSA, DRE, and TRUS utilized in
the PCES are categorized in tsble 2. PSA, DRE, and
TRUS are essential examinations for the diagnosis of
prostate cancers. Prostate volume and PSAD are ad-
ditional data that aid physicians in staging the can-
cers. Prostate volume is measured by TRUS and
PSAD s the value of PSA divided by prostate volume.
Most cases of advanced prostate cancer occur in pa-
tients who have higher serum concentrations of PSA
and more abnormal Gleason scores in prostate bi-
opsy.”™ To assess the accuracy of using the com-
bination of PSA, PSAD, prostate volume, and Gleason
acore for the diagnosis of advanced prostate cancer,
we used receiver operating characteristic (ROC)
curves and calculated the areas under the curves
{ALICa). ROC curves were produced by plotting the
relationships of sensitivity and false positivity (1 —
specificity) at various cutoff values.

Before surgical four attending physi-
cians in urology, a urclogy chief resident, two sec-
ond-year urology residents, and two first-year urol-
ogy residents were asked 1o categorize prostate
cmﬂemaahﬂlnglucdindurudmnmd.mcmﬂml
findings of the patients were then input into the
PEEﬂtgr-nnﬂmrphynicinn.ﬂmﬂnﬂdhpmmuf
all cases were confirmed by pathologic examination
after operation. The pathologic findings were used
as the “gold standard” diagnoses.

The accuracy of preoperative staging of prostate
cancers using the PCES was compared with the ac-
curacies of the staging performed by the attending
physicians and residents to test the validity of the

PCES. Postoperatively, when the stage of the prostate
cancer hard been determined, the diagnosis made by
the PCES was shown to all physicians ([PCES con-
sultation), and they were asked whether they would
like to change their precperative choices of staging
for localized and advanced prostate cancers. The ef-
fects of PCES consultation on the physicians' staging
of prostate cancer were evaluated.

McNemar's test was used to measure the signifi-
cances of differences between PCES and physicians’
stagings of localized and advanced prostate cancers.
The paired t test was used to measure the signifi-
cance of differences in staging by physicians before
and after PCES consultation.

Results

In ordar to confirm the effectiveness of using the
PSA, PSAD, prostate volume, and Gleason score 1o
diagnose advanced prostate cancers, we subjected
our results 1o ROC-curve analysis. Figures 1-4 de-
pict the ROC curves and cutoff values for PSA, PSAD,
prostate volume, and Gleason score; the values for
the areas under the ROC curves were 0.772, 0.800,
0.531, and 0.752, respectively.

In this series, there were 43 consecutive patients
with prostate cancers who underwent surgical op-
eration. The PCES correctly identified the localized
and advanced prostate cancers in 38 of the 43 cases,
yielding an 88.4% overall preoperative staging accu-
racy, which compared with the four attending phy-
sicians' accuracies of 74.4%, 67.4%, 76.7%, and 83.7%
laverage 756%). The accuracies of the residents
(chief resident, second-year residents 1 and 2, and
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Ficure 2. ROC curve and
cutalf values for prosiate-
specific antgen density
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Teblea3 = Staging Accuracy for Prostate Cancers (PCe) of the Prostate Cancer Expert System (PGES) and of Physiciana before

PCES Consulftation
Locallzed PCs Advanced PCa Total Acouracy ot
PCES 22 16 as BB.4
Attending physicians
1 19 13 a2 T4.4% D.042
2 19 10 20 B7.4* 0.008
3 21 12 ai T6.7 0.074
4 2 14 as B83.7 0.480
Urology residents
Chisf 16 g 25 581+ =0.001
Second yaar—1 16 12 27 62.8* 0.003
Second year—2 17 7 24 558" <(.001
Flirst yaar—1 2] 13 22 51.2* «<0,001
Firat yaar—2 15 8 24 545 <0,001
Pathologic stags 24 18 43

WMHHMMMMMMtNQNiHWM.

tCompared with the sccuracy of the PCES.

Table 4 e Confidence Intervals of the Sensitivitiss and Specificities of tha Staging of Localized and Advanced Prostale Cancers

by the Prostate Cancer Expert System (PCES) and by Physicians

Sansitivity Spacificity
Confidence Intarvals Confidence Intervals
Sansltivity Upper 85% Lowar 95% Spacificity Uppar 85% Lower B5%
PCES 82 98 BE Ba 90 78
Attanding physlcians
1 i B85 73 Ga* T4 82
4 e 85 73 L 59 47
3 as 94 az aa- 2= &7
& a2 o8 as T4 B0 68
Urology residents
Chiet &7+ 73 81 47" 53 41
Sacond year—1 63" 6a &7 63 84 57
Sacond year—2 Tl Fid 65 37 43 3
First ysar—1 ag- a a2 B8~ T4 62
Firat yesar—2 B3+ 1] =T 42+ 48 a8

*Tha sanaliivity of the PCES was significantly betier than those ﬂmﬂngﬁmnuumzmmmmmummmm

significantly better than thoss of the attending physicians 1, 2, and 3 and all residents.

Table5 = Physicians' Accuracies In Staging Prostate Cancers (PCs) alter Prosiate Cancer Experl Sysiam (PCES) Consultation

Localired PCs Advanced PCs Total Accuracy ot

Attanding physicians

1 20 13 33 78.7 0.356

Z2 21 11 a2 Td4.4 0.078

3 2 13 a5 B1.4 0.172

4 =2 15 ar B5.0 0.358
Urology residents

Chiaf 20 11 a T2.1* 0.7

Second year—1 19 13 32 T4.4% 0.008

Second year—2 22 10 az T4 4+ 0.03C

Flrst year—1 17 13 an B89.8% 0.00¢

Flirat yaar—2 20 11 I T2.1 0.01E

*PCES consulation significantly increasad tha staging accuracies of &ll rmsidents.
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first-year residents 1 and 2| were 58.1%, 62.8%,
55.8%, 51.2% and 53.5% (average 56.3%). The PCES
was significantly more accurate than two of the at-
tending physicians and all of the residents (tahle 3).

Of the 43 patients undergoing surgical operation,
24 had localized prostate cancers and-the remaining
19 had advanced prostate cancers. The PCES cate-
gorized the prostate cancers as localized or ad-
vanced [n 38 of the 43 cases. Twenty-two of the 24
localized prostate cancers and 16 of the 19 advanced
prostate cancers were correctly assigned, thereby
producing three false-positive and two false-negative
results. This yielded a sensitivity of 92% and a spec-
ificity of 84% for differential diagnosis of localized
and advanced prostate cancers. The sensitivity of the
PCES was significantly better than those of two at-
tending physicians and all residents and the speci-
ficity of the PCES was significantly better than those
of three attending physicians and all residents. Table
4 showsa confidence intervals of the sensitivity and
specificity of the staging of the localized and ad-
vanced prostate cancers by the PCES and the phy-
sicians.

The staging accuracies of the five residents were
significantly different after PCES consultation. On
average, the staging accuracy of the five residents
increased from 56.3% before PCES consultation to
72.6% after PCES consuitation, which was similar o
the level of the attending physiclans' accuracy. After
PCES consultation, the four attending physicians
changed their diagnoses, and increased their aver-
age staging accuracy from 75.6% to 79.6%. However,
the change in the average staging accuracy of the
attending physicians after PCES consultation was
not significant. The numbers of correct choices of
preoperative staging for localized and advanced
prostate cancers made by the physicians after PCES
consultation are shown in table 5. The effect of PCES
consultation on the residents’' staging for localized
and advanced prostate cancers was significantly (p
< 0.001) greater than the effect on the attending
physicians' staging (fig. 5).

Discussion

The decision-making knowledge used in medical
decision-support systems is often based on the ex-
perience and knowledge of medical experts in a spe-
cific field. The decision-making knowledge we used
in the development of the PCES was based on the
patient database of our hospital, the knowledge and
experience of urologists in our hospital, and scien-
tific clinical literature in the field of prostate cancer,
The PCES was developed using the Bayssian theo-
rem and thus cannot provide absolute and definitive
stages of prostate cancer. It assigns a probability to
each possible stage and, typically, bases its conclu-
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FiGuRe 5. The increases of staging accuracy from bafore (light
bars) to after (darker bara) prostats cancer expert system (PCES)
consultation were significantly greater in urology residenis tian
In amending plysicians,

sion on the highest probability. When a parameter
does not significantly discriminate between staging
categories, the derived probabilities for that param-
eter will be approximately equal for all stages. Such
a factor simply will have little mathematical conse-
quence in the final calculations in the PCES. Baye-
sian theory has been used in many successful de-
cision-support systems for years.'"

The PCES uses clinical findings of previously eval-
uated patients to predict the diagnoses of new pa-
tients, These clinical findings were selected for their
ability 1o discriminate between localized and ad-
vanced prostate cancers. The frequency with which
each of these clinical findings was found in each
diagnostic category made up a conditional proba-
bility that was incorporated into a Bayesian algo-
rithm. The Bayesian algorithm then used the clinical
experience embodied in the conditional probability
to calculate the probability that the patient would
fall into the group of localized or advanced prostate
cancer. The major difficulty in creating the PCES
system was the estimation of the false-positive rates
of clinical findings in each stage. These rates greatly
affected the staging accuracy of the PCE5 system.
The false-positive rates for clinical findings were not
easy for physicians to determine. The expert judg-
ment of an experienced physician was always
needed to get an appropriate false-positive rate.

The exact proportions of prosiate cancers in the
individual clinical stages at presentation vary. In
1990, the American College of Surgeons reported in-
cidences of 27.0-298.3% for siage A prostate cancer,
26,0-37.7% for stage B, 12.5-13.0% for stage C, and
20.6-34.0% for stage D.* In our series, the incidence
of siage DZ prostate cancer was higher. Aggressive
and early diagnosis of prostate cancer is necessary.
Therefore, we developed the PCES to aid urologists
to make accurate diagnoses of prostate cancers.
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ROC curves provide an index of accuracy by dem-
onstrating the limits of a test's ability to discriminate
between alternative states of disease over the com-
plete spectrum of operating conditions. Each point
on the ROC curve represents a sensitivity—specificity
pair corresponding to a particular decision thresh-
old. Cualitatively, the closer the curve is to the upper
left corner, the higher the overall accuracy of the
test.™

The measure most commonly used to quantify the
diagnostic accuracy of a laboratory test is the area
under the ROC curve. An AUC of 1.0 is characteristic
of a parfect test, whereas below 0.5 indicates a test
of no diagnosatic value.” The AUCs for PSA, PSAD,
prostate volume, and Gleason score all were greater
than 0.5 in the diagnosis of advanced prostate can-
cer, This means that all these tests were useful for
categorization of localized and advanced prostate
cancers. For example, an AUC of 0.7 means that a
randomly selected individual from the group of ad-
vanced prostate cancer has a laboratory test value
larger than that for a randomly chosen individual
from the group of localized prostate cancer 70% of
the time.

In order to understand the usefulness of the
PCES, we calculated the diagnostic accuracy of the
PCES in this series and compared it with the diag-
nostic accuracies of four attending physicians and
five urology residents (table 3). Significant differ-
ences between the accuracies of staging obtained by
the PCES and the staging assigned by two of the at-
tending physicians and all of the residents suggest
that the inferencing algorithm and knowledge rep-
resentation in the PCES may be useful in improving
diagnostic accuracy in the staging of localized and
advanced prosiate cancers.

For preoperative staging of localized and ad-
vanced prostate cancer, the PCES had a sensitivity
of 92% and a specificity of 84%. The sensitivity was
significantly better than those of two of the attending
physicians and all of the resldents. The specificity
was significantly better than those of three of the
attending physicians and all of the residents (table
4). The high sensitivity and specificity of the PCES
support its usefulness for the staging of prostate
cancers. Since the PCES was intended not to replace
urologists but rather to aid them, the system's di-
agnostic supportive value would have to be further
inveatigated.

After PCES consultation, the physicians changed
their preoperative staging of prostate cancers. The
residents’ staging accuracy significantly improved
such that it was similar to that of the attending phy-
sicians. Although the increase in the attending phy-
sicians' diagnostic accuracy after PCES consultation
was not significant, it did reflect some improvement
(table 5). The increases in the residents’ staging ac-

curacy after PCES consultation were significantly

greater than those of the attending physicians (fig.
5). This finding strongly supports the value of the
PCES in training residents’' and its role in diagnostic
decision support Thesa urology residents changed
their diagnoses because the PCES reminded them
of clinical findings that need attention.

These results indicate that the PCES can perform

as well as human experts in the preoperative staging
of localized and advanced prostate cancers. The
PCES may provide sufficient information to help
physicians to make sarly diagnoses of prostats can-
cers. Physicians' use of the PCES in combination

with conventional staging methods may provide
more accurate staging and thereby help in making
treatmment management decisions. The PCES may be
especially important in preoperative consultation for
urology residents. The accuracy of the PCES for de-
termining the stage of advanced prostate cancer
may make it possible to avoid unnecessary surgical
operations by the use of this system to determine
the tumor stages of advanced disease. This will also
reduce unnecessary complications associated with
surgical operation.

The authors thank Sally Hung-Hsin Laa, MS(c). of the Soclal
Stalistics Aessarch Unit at City University, London, for her sug-
gestions regarding statistical analysls.
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