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Nine retrospective mortality studies of workers exposed to vinyl chloride
were reviewed to determine whether differences in thelr hypothesis testing
results might be due to differencses in statistical power. Where possible, the
power of each study was calculated for cancer of the lung, brain and llver.
¥When power was taken into consideration, the resuits for liver and brain

cancer were found to be consistent with an etlologic role for vlny]_hlorl'de. For

lung cancer, thg data were not gonslstent with an etlologlc role, ln That two

studies with very high power yleided neqative resuits.

epldemlologic methods; respiratory tract neopiasms; brain neoplasms;

jiver neoplasms; vinyl chloride

The nine mortality studies of workers
exposed to vinyl chloride that have been
completed to date disagree in their hy-
pothesis testing results for some causes of
death, and for those causes it is difficult to
draw conclusions about excess .risk.
(1-12). The studies that are negative for
a cause of death are especially difficult to
interpret, since they may or may not have
had the statistical power to detect an ex-
cess risk if, in fact, one existed. To aid in
the interpretation of the studies, their
statistical power with respect to three
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sites of cancer—liver, brain and lung—
was calculated, and their hypothesis test-
ing results, positive or negative, were
considered in the context of power.

METHODS
Power calculations

Statistical power is the probability of
not overlooking an excess risk, i.e., ol not
making a Type 1I statistical error. To aid
in the interpretation of this frequently
confusmg subject, a brief review of Type 1 _
and Type 1I errors 5 follows.

“Investigators are most familiar with
Type I errors. If the true state of nature is
the null hypothesis (no increase in risk),
then a Type [ error is wrongly rejecting
the null hypothesns and declaring that
there is an increase in risk. The probabil- _
ity of a Type I error is known as alpha, or
more commonly, the “level_of signifi-
cance.” For example, when an inves-
tigator finds an excess and declares. it
“significant at the 0.05 level,” in a sense
what he or she is saying is that there is
less than a 5 per cent chance of having
mnde n Type l error.

Tvype I errors are less fanuliar but,
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726 ITAUMONT AMD

nevertheless, very important (13). Under-
lying this concept is the fact that when
the true state of nature is the alternative
hypothesis | (mcreased risk), the. research
goal is_to_detect it (i.e., reject the null hy-
pothesis). Suppose one has specified an
alpha level (0.05, for example) for testing
a null hypothesis of no increased risk for a
particular exposure. If an exposure is
harmful with a relative risk of R, then not
rejecting the null hypothesis (i.e.

wrongly 2ecepting the exposure as harm-
less) js called a Type II error. The proba-
bility of a Type Il error is usually denoted
beta (B8). Conversely, the probability of
correctly rejecting the null hypothesis
and therefore of detecting the excess risk
is called the power and is equal to 1 — 8.
Thus, power quantifies the ability.of a
purticular study to dotect an oxcesu risk
that truly exists.” Tt i mtuxtwc.ly clear
that with a fixed amount of data there is a
greater likelihood of detecting a large ex-

- “cess risk. Sxmxlarly, an mcrease in the

amount of data increases the chance of
observing a given risk, i.e., increases the
Power.

The approximate powor 1 - B of the
vinyl chloride studies to detect a relative
risk @ at the alpha level of significance
was calculated from the following for-
mula, which uses the fact that the square
root transformation stabilizes the vari-
ance of the Poisson distribution (see the
statistical appendix):

Z, 4 —-Z --2(\/ —1)(V

Here Z, denotes the upper 100 per-
centile of the standard normal distribu-
tion and E the expected number of cancer
deaths based on general population rates.
This approximation agrees well with
exact power calculations based on Poisson
probabilitics made by Cutler et al. (14,
15). When the discreteness of the exact
test based upon Poisson probabilities is
accounted for, the approximate and exact
power curves are virtually identical.

A family of power curves based upon

SRESLOW

the approximation is shown in figure 1,
where each curve is for a different rela-
tive risk. It can be seen that as the as-
sumed relatwe rxsk mcreases “for a given
increases. Sxmxlarly, as the expected
number of deaths increases for a given
relative risk, the power also increases.

Application to vinyl chloride literature

The assumed relative risks for the
power caiculations were the median (ap-
proximate) standardized mortality ratios
reported for each cancer site in the vinyl
chloride literature. Power calculations
are usually performed with a somewhat
arbm-anly chosen relative risk, but since
relative risk information_was available
from (.he vmvl chloride_studies, it wus

Lthought best to make use of these data,

Sepuruto asnumplions were madefor
anulyses considering ull person-years. at

_-nak and for analyses considering only

person-years after a minimum latency
(time since first exposure) because in the
former case the risk was diluted by the 10
Lo 20 yeuys (hut ure oflen requipest fiyy
calicer Lo develop aller exposure to a car-
cinogen. The median reported mortality
ratio was not used in one instance: for
overall lung cancer, where the median
was 1.03, essentially no excess risk. Since
some risk needs to be assumed to calcu-
late power, the arithmetic mean (approx-
imately 1.5) was used.

The statistical powers of mortality
studies of workers exposed to vinyl
chloride were calculated with respect to
three sites of cancer: liver, brain and
lung. These three sites were chosen be-
cause they have been the subiect of most
of the discussion of causality in the vinyl
chloride literature. The powers of the
studies were subsequently plotted on
power curves for two purposes: to show
the variability in powers, and to relate
positive and negative findings to power.
For the purposes of this review, a positive
finding was defined as an excess risk for a
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Ficure. 1. Approximate power curves for various assumed relative risks in standardized mortality
ratio studies (for one-sided comparisons with aipha = 0.05).

particular cancer with statistical signifi-
cance at the 0.05 level, using a one-sided
Poisson test.

It was expected that if vinyl chloride
was carcinogenic for an organ site, there
should be a pattern: the studies with high
power should, in general, be positive, and
the studies with low power should, in
general, be negative. This assumed that
exposure would result in a constant value
of R across the vartous populations. The
assumption was somewhat tenuous be-
cause, as discussed below, the populations
difTered in a number of respects.

ResuLTs

The_historical prospective studies of
vinyi chloride exposed worker5 are listed
in table 1. The sizes of the study popula-
tions varied considerably, from 255 in the
study by Nicholson et at. ()10 %677 in jhe

Equitable Environmental Health study
(6, 7). The reports were not entirely in-
dependent; for example, many of the
workers in the study by Ott et al. (10)
were included in the Equitable Environ-
mental Health study, and there was an
overiap of about S8C workers in the
studies by Waxweiler et al. (4) and Wax-
weiler (5).

It should be noted that the studies were
dissimilar in many other ways. As can be
seen’in table 1, a minimum exposure of
1-5 years was required in some studies,
while others required only one day. Some
studies reported findings based upon all
person-years at risk, some included
person-years at risk only after a mini-
mum time since first exposure, and some
reported both types ol analysis. The con-
tral (standard) populations used were dif-

F s P A0 £ ae E 1 M
fcient: four of the Sve Ameorican studiea
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* One of four plants in 1976 study.

personal communication, 1980;.

t Liver cancer not reported (Waxweiler,

used United States rates; the fifth used
Texas rates; and the British, Swedish and
German studies used their respective na-
tional rates. There were also minor differ-
ences in the International Classification
of Diseases codes included for the specific
cancers. Finally, there were probably dif-
ferences in age composition which could
be important if an effect were dependent
upon age. While it was felt that none of
these dissimilarities was important enough
to prevent comparison of statistical powers,
it should be noted that factors other than
power could have had a bearing on the
ability of the studies to detect exceas risk.
Liver cancer was reported in the four
studies listed in table 2 and graphically
presented in figure 2. When the results
were tested (or atotistien] significance

Cwithya one-sided Polsgan test, 1L was found

thut three of the four studies showed sig-
nificant excesses (4, 5, 8, 11). The powers

were all very high, despite the fact that -

the expected numbers of deaths were in
all instances small. The small expected
numbers would normally have led to low
statistical powers, hut the high estimuted
relative risks had a large effect on theeal:
culations. The powers of the studies are
shown in two columns in table 2 and on
two lines in figure 2 because the calcula-
tions assumed different relative risks for
analyses considering all person-years at
risk and for analyses considering only
person-years after a minimum latency
(relative risks of 5 and 10, respectively,
were assumed for liver cancer).

The results for brain cancer (table 3)
were more variable, in that three of five
studies had statistically significant find-
ings {(§-7, 11}, and that the powers
ranged from 12 per cent to a maximum of
approximately 80 per cent. In figure 3, the
range of powers is presented graphically.
[t can be scen that, in general, the studies
with high power had positive findings and
those with low power had negative find-
ings.

Of the eight studies of lung cancer, only

N
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POWER CONSIDERATIONS IN VINYL CHLORIDE STUDIES 729

Tants 2
Liver cancer: results and powers of epidemiologic studies of vinyl chloride

Author Observed  FExpected Mortality Exceas Power (%)
u desths deaths ratio p <0057  IfRR = 5.0 IfRR = 10.0
Fox and Collier (1, 2) . 4 1.6 2.44 - 83
Wazxweiler (5) 10 2.3 4.27 + 98
(10+ latency) 8 0.5 15.09 + 92
Waxweil.er et al. (4)
(15+ latency. 5+ 7 0.4 16.08 + 86
exposure)
Byren et al. (11) 4 1.0 4.13 + 80
(10 + latency) 4 0.7 5.89 + 98
Reinl et al. (8) 12 0.9 15.23 + (3 "
100 =
10.0 BYREN>10 () - WAX
) wAK 21 Hy
) Wax>1s 1y
30 5 BYREN &
REINL {4
—
2
& e0s
e
ml
QO 10+
0.
20 ~
ot T T 1
0 1 2 3

EXPECTED DEATHS
Ficune 2. Approximnte powers of vinyl chloride studies reporting results for liver enncer: 10.0 = assumed
reintive risk afler n minimum latency, 5.0 = nstumed relative risk overall. REINL ~ Reinl et al. (8%
BYREN = gvien eal (1), FOX = Fog ond Collief U, 2;; WAX = Watweiler et gl (4) and Waxweiler (5"

two yielde significant _re- chloride is indeed a human lung carcin-
sults (4, 5, 9) (table 4 and figure 4). Again, ogen. T
there was a wide range of powers, from 14
per cent to almost 100 per cent, but here Discussion

the studies with very high power were The data regarding liver cancer in vinyl
negative, an uniikely occurrence il viny! chioride exposed workers suggested

o N g
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Tarre 3
Brain cancer: results and powers of epidemiologic studies of vinyl chloride

IfRR = 3.0

Power (%)

If RR = 2.0

Excesa
p < 0.05?

Mortality
ratio

Expected
denths

deaths

Observed

Author

48
53

0.55
2.09
2.56

3

Fox and Collier (1, 2)

Waxweiler (5)

4.3
31

82

(10+ latency)
Waxweiler et al. (4)

40

3.29

0.9

{15+ latency, 5+ exposure)

Equitable Envionmental Health

64

2.03
6.12
1.62

5.9
0.3

12

(6, 7) {1 + exgosure)

BEAUMONT AND BRESLOW

12
24

Byren et al. (11)
Reinl et al. (B)

1.3

strongly that the chemical is carcinogenic
for the liver. Three of the four studies re-
ported statistically significant excess
risks (4, 5, 8, 11), and the nonsignificant
study (1, 2) reported a small excess {4 ob-
served, 1.6 expected). The statistical pow-
ers of the studies were high (all above 75
per cent) due to the high observed relative
risk. Even without knowledge of the
animal studies, and without knowledge
that angiosarcoma of the liver is ex-
tremely rare, one might conclude from
these data that vinyi chloride is car-
cinogenic for the liver.

The powers of the studies that reported
brain cancer ranged from 12 per cent to 80
per cent. The expected trend for a causa-
tive association was seen, in that the
studies with high pcwer were statistically
significant and the studies with low
power wore, wilh onc exception, nonsig-
nificant. The most reasonable interpreta-
tion, therefore, is that the data are consis-
tent with an etiologic hypothesis for vinyl
chloride und cancer of the brain.

Only two of eight studies reportinglung
cancer results sno.«eo d significant excesses
4’5, 9). "While some of the negatxve re-
sults could “be'explained by 1ow staflsﬁcal
power  two studies that were nevatxve had
very high power (1, 2 6 7) The lack of
trend is evidence that vm)l chloride may
not be a lung carcinogen, or that the ac-
tual relative risks were much lower than
the assumed values of 1.5 and 2.0, in
which case the powers were also much
lower. It should be noted that one of the
two negative studies with high power (by
Fox and Collier (1, )) was also negative
for liver cancer. Since it is generally ac-
cepted that vinyl chloride is a liver car-
cinogen, it may be that the exposures in
that study were minimal. The other nega-
tive study with high power (Equitable)
did not report liver cancer results, but did

. find a significant excess of brain cancer,

which may constitute evidence of sub-
stantive exposure.
Examination of posmve and "nega-

BFG39736
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100 =
80
—
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S, 60+
oo
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Q 40+ WAX 15 (=)
Q.
REINL (=)
20

BYREN (+)

731

WAX >10 ()

EQUIT (4)

WAX (+)
FOX (=)

4

gr
D

EXPECTED DEATHS

Fiaure 3. Approximate powers of vinyl chloride studies reporting results for brain cancer: 3.0 = assumed
relative risk after a minimum latency, 2.0 = assumed relative risk overall. BYREN = Byren et al. (11);
NEINI, - Reinl ot b (A FNX = Pax and lotfler 11, 1 WANX = Waewetler ut al, (4) aml Waxweijer (01

EGEITE  paugialge Bpvigamigengal fleagloa. 'y

tive” hypothesis testing results in the
light of statistical power is only one of
several approaches to reviewing the evi-
dence of enrcinagenicity for a substanca,
i‘nr exminple, one can t'oﬂlpl}te u (Ombined
bmmg the observed and expect.ed num-
bers from the studies), and then, with the
help of homogeneity testing, determine
which studies are compatible with the
combined risk estimate (see the Appendix
for the homogencity test). Liver cancer in
the present review has n combined overall
relative risk of 5.17 (p < 0.00001), and
also a significant (p = 0.002) result in
homogeneity testing, largely due to the
Reinl (8) relative riak of 15.23. The com-
bined relative risk for overnil hrain

cuncer 18 1.7 1 -2 G.01); here the resuits

are more homogeneous (p = 0.10), al-

though Byren (11) is somewhat of an out-

lier with a relative risk of 6.12. Finally,
the combined relative risk for overnll
ltng cancer is 1.06 \hoI\ishlllczll\t). Wit
some evidenc8 tRomogéneily p_= 0.06)

T e

Buffler (9) are out of step v w:th the others

— ety

(relative nsks “of 1.49 and 289 respec-/

t.wetx)

Ciose examination of the individual
studies can also be helpful in searching
for rcasonu for differing rosulta. For
example, the expected number of deaths
from liver cancer in the Byren study (11)
is unusually large relative to the expected
numbers for brain and lung. Detniled
examinagtion of this anomaly might be
intormative. There are other conaid-

BFG39737
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100 = EQUIT )15 (=)
wAx Y10 FOX 15 (=)
2.0 + FOX (=)
EQUIT (=)
80 ~
REINL (=)
—"\
\O -
&’ 60 WAX >15 (%)
on DUCK (=)
=
O 40 »
.
20 = BUFF>5 (B
BYREN (=)
BUFF (+)
o - '} - [ Ly < L
] 10 20 30 40 S0 60
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FIGURE 4. Approximate powers of vinyl chloride studies reporting results for lung cancer: 2.0 = assumed
relative risk after a minimum latency, 1.5 = assumed relative risk overall. BUFF = Builler et al. (9);
BYREN = Byrenetal. (11); OTT = Ott et al. (10); DUCK = Duck et al. (12); REINL = Reinl et al. (8); WAX
= Waxweiler et al. (4, 5); EQUIT = Equitable Environmental Health (6, 7); FOX = Fox and Collier (1, 2).
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