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ORIGINAL ARTICLE

Effects of Recall and Selection Biases on Modeling Cancer
Risk From Mobile Phone Use

Results From a Case—Control Simulation Study

Liacine Bouaoun,* Graham Byrnes,* Susanna Lagorio,® Maria Feychting, Abdellah Abou-Bakre,*
Rémi Béranger,” and ®Joachim Schiiz*

Background: The largest case—control study (Interphone study)
investigating glioma risk related to mobile phone use showed a
J-shaped relationship with reduced relative risks for moderate use
and a 40% increased relative risk among the 10% heaviest regular
mobile phone users, using a categorical risk model based on deciles
of lifetime duration of use among ever regular users.

Methods: We conducted Monte Carlo simulations examining
whether the reported estimates are compatible with an assumption
of no effect of mobile phone use on glioma risk when the various
forms of biases present in the Interphone study are accounted for.
Four scenarios of sources of error in self-reported mobile phone
use were considered, along with selection bias. Input parameters
used for simulations were those obtained from Interphone valida-
tion studies on reporting accuracy and from using a nonresponse
questionnaire.
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Results: We found that the scenario simultaneously modeling sys-
tematic and random reporting errors produced a J-shaped relationship
perfectly compatible with the observed relationship from the main
Interphone study with a simulated spurious increased relative risk among
heaviest users (odds ratio = 1.91) compared with never regular users.
The main determinant for producing this J shape was higher reporting
error variance in cases compared with controls, as observed in the val-
idation studies. Selection bias contributed to the reduced risks as well.
Conclusions: Some uncertainty remains, but the evidence from
the present simulation study shifts the overall assessment to making
it less likely that heavy mobile phone use is causally related to an
increased glioma risk.

Keywords: Cancer risk; Mobile phone use; Recall errors; Selection
bias; Simulations
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n 2011, the International Agency for Research on Cancer

Monograph Program on the Identification of Carcinogenic
Hazards to Humans characterized radiofrequency electromag-
netic fields (RF-EMF) as possibly carcinogenic to humans.!
The evidence from human studies was classified as limited,
due to some positive findings for which bias and error could
not be ruled out as a possible explanation.

Until now, the few cohort studies on mobile phone use
and the risk of brain tumors have not shown any associations
but had applied rather crude exposure assessment and expo-
sure data were not detailed enough to investigate the heavi-
est mobile phone users separately.>* Conversely, some of the
case—control studies on the same topic have*® reported pos-
itive associations, but simultaneously were more affected by
recall and selection biases than the cohorts.

The largest case—control study (Interphone) was carried
out according to a common study protocol in 13 countries
between 2000 and 2005.%7 Risk analyses in the Interphone
study’ were performed using one statistical approach only,
by defining never regular mobile phone users as the reference
category and categorizing the regular mobile phone users (at
least one call per week over a period of 6 months or more) into
deciles based on the observed distribution of mobile phone
use among controls.

While the Interphone study showed an inverse associ-
ation between glioma risk — the most common type of brain
tumor — and regular mobile phone use as compared with never
regular use, there was also a positive association with a 40%
increased risk among the 10% heaviest users among the regu-
lar mobile phone users (about 5% of the total study population
of 30- to 59-year olds). In fact, looking at the entire exposure—
outcome relationship, a J-shaped risk function was observed,
with decreased risks among the lower and moderate mobile
phone users and the aforementioned increase in the highest
percentile of regular use. Considering the idea that mobile
phone use would protect from developing a glioma to be bio-
logically implausible, the Interphone study group interpreted
this finding as clear evidence for the presence of bias.?

There is now a wide-ranging open debate on whether
the positive association seen among the heaviest mobile phone
users would also be due to an underlying bias affecting the
study. In this regard, it was of particular interest to investi-
gate what types of bias would contribute to creating a spurious
J-shaped relationship in the decile-based statistical approach.

Three major biases have been identified in the original
Interphone study and its related validation studies.®’ First,
selection bias through differential participation among controls
was observed using a nonresponse questionnaire,® as there were
more mobile phone users among participating than nonpartic-
ipating controls, creating a spurious inverse association with
overall regular mobile phone use. Second, underestimation of
mobile phone use among low users and overestimation by heavy
users were observed when comparing self-reported mobile
phone use with operator-recorded traffic records, which would
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lead to an inflation of the association in case of a real expo-
sure—outcome relationship, or if an apparently increased risk
is present due to recall and/or other biases.’ Third, implausible
values of self-reported use as observed in the main Interphone
study were more common among glioma cases, which may lead
to a spurious positive association,” and refer to a clear example
of differential error when the error differs between cases and
controls. In this article, we define random measurement error
in self-reported mobile phone use as random reporting fluctua-
tions between the observed (self-reported) and the true (traffic
records) mobile phone use, since it is in general challenging
to precisely recall past mobile phone use. Systematic measure-
ment error in self-reported mobile phone use was due to the
observation that there were differences between the observed
and true use that differed systematically with the amount of
mobile phone use, as introduced above.” We refer to nondiffer-
ential measurement error and nondifferential exposure misclas-
sification if the random and systematic measurement error did
not differ between cases and controls, and differential if errors
did differ by disease status.

Previous simulations assessing the effects of errors
in self-reported mobile phone use on risk estimations have
shown that random errors have a larger impact on the risk
estimates than systematic errors and differential errors had
limited additional impact in the presence of large random
errors.'® Selection bias resulting from underrepresentation of
unexposed controls led to a J-shaped exposure—outcome rela-
tionship, with risk apparently decreasing at low-to-moderate
exposure levels.”® Nevertheless, a limitation of using the pre-
vious simulation results in the evaluation of bias is the more
general assessment of the potential impact of measurement
error and bias not closely matching the statistical approach of
the main risk analysis, mainly because those simulations were
made before the risk analysis was reported.

In this work, the main objective was to investigate
whether the observed exposure—outcome relationship across
the deciles of cumulative mobile phone use and the risk of gli-
oma was compatible with a modeled exposure—outcome rela-
tionship applying different recall error types as observed in the
validation studies in the absence of any real effect. Therefore,
we were only using the identical approach as applied to and
reported from the Interphone main risk analysis,” namely cat-
egorical analysis of deciles of lifetime duration of use in reg-
ular mobile phone users compared with never regular users
as reference group, i.e., the main risk analysis as included in
the respective health risk assessments and evidence synthe-
ses such as the International Agency for Research on Cancer
Monographs.! Specifically, we performed Monte Carlo sim-
ulations aimed at examining if the increased risk of glioma
observed among the 10% heaviest mobile phone users, as
reported in the Interphone study,” could have been observed
assuming no real effect of mobile use. These simulations were
expected to provide further insight into the interplay of the
previously discussed three major biases.

© 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
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Risk From Mobile Phone Use

MATERIALS AND METHODS

Study Population

The Interphone case—control study was conducted by 16
centers in 13 countries between 2000 and 2005. Detailed infor-
mation on study methods has been reported elsewhere.%” Two
Interphone exposure validation studies were conducted in par-
allel to the main Interphone study in some of the participating
countries, enabling us to quantify the effects of different types
of measurement errors in the assessment of mobile phone use.®
The first Interphone validation study enrolled a total of 690
healthy volunteers from 12 countries'' as an independent study
sample from the main Interphone study, while the second vali-
dation study collected retrospectively additional data from 508
participants (296 controls and 212 cases) from three countries of
the main Interphone case—control study for whom the respective
data could be obtained.” From these two validation studies, we
obtained the true (hereafter referred to as X) and observed (V)
mobile phone exposure derived from operator-recorded traffic
records and from self-reported mobile phone use data, respec-
tively, for two available mobile phone use exposure metrics: the
monthly cumulative number of calls and the monthly cumulative
duration of calls. Validation of the representativeness of partic-
ipants was part of the main Interphone case—control study, as a
short nonresponse questionnaire was provided to subjects who
refused to participate in the main study, applied in most of the
Interphone study centers.® Among nonparticipants of the main
study, 21% responded to the nonresponse questionnaire (26%
among controls and 9% among cases). Quantitative measures
of mobile phone use as in the main study were not collected in
the nonresponse questionnaire, but instead more generic mobile
phone use data were available, for example, the year a participant
first started using a mobile phone.

Statistical Analysis

We log-transformed all mobile phone use metrics (both
self-reported and operator-recorded number and duration of
calls) prior to the statistical analyses, as the log-transformed
values nearly followed a normal distribution. For each metric,
we also calculated the log ratio 7 (or log recall error) defined
by the log ratio of the self-reported to the operator-recorded
mobile phone data.

We conducted Monte Carlo simulation analyses to
examine the effects of multiple types of mobile phone use
recall errors on glioma risk estimates in a case—control study
design, using categorized mobile phone use exposure vari-
ables. Simulations were set up to mimic the full model used in
the original Interphone study and are briefly described below.
Further details of the simulations are also provided in the
eAppendix 2; http://links.lww.com/EDE/C144. We conducted
analyses using the R statistical software, version 3.6.1.

Simulation Study: Generating Model
We generated 5000 main datasets (D, X, Y) of 3000
subjects (2000 controls and 1000 cases) with a true (X) and

© 2024 The Author(s). Published by Wolters Kluwer Health, Inc.

an observed (error-prone; Y) mobile phone use exposure, and
an outcome (case—control) status D. We drew a random case—
control dataset (D, X, Y) of 3000 subjects as follows:

(1) A regular mobile phone user status was randomly gen-
erated from a Bernoulli random variable, B in (P), with
probability P based on the distribution of exposure among
controls as observed in the main Interphone study.’

(2) Among regular mobile phone users,

(i) The true exposure X was randomly gzenerated from
a normal distribution: N (,UX , O X), where [ty
and Oy are the mean and the variance of the true expo-
sure levels, respectively, and are obtained as described
below.

(i) The observed exposure Y prone to error was generated,
conditional on the true exposure X, from a normal dis-
tribution, N (X +1T 4+ vX., o'ZT), where
T denotes the average value of the error T (between
the observed Y and the true exposure X), Y is the slope
reflecting the strength between the error-prone and
the true exposure X (with the mean of X;X,), which
enables us to test the deviation from the average value,
and O 2T the random variance;

(3) We finally generated the outcome status D from a
Bernoulli random variable conditional on X, so that
P(D=1 | X) = expit(a*+*xX), where o
relates to the (baseline) probability of glioma in the
absence of exposure (i.e., among nonregular users) while
OR* = exp (8*) is the true odds ratio (OR).

The definition of “regular mobile phone use” followed
that of Interphone,’ that is, at least one call per week for a
period of at least 6 months. We assumed nonregular mobile
phone users to have provided accurate data, which is of “zero”
exposure, assuming no exposure measurement error.

We generated simulated case—control datasets under
both the null hypothesis () of no real effect (OR* = 1)
and also — for comparison purposes — under the alternative
hypothesis (/7)) assuming a real effect. Under /,, an OR* of
1.30 was arbitrarily chosen as a possible glioma risk estimate
associated with mobile phone use if there was one. ORs were
expressed per “delta” increase in exposure, where “delta” cor-
responded to the difference of exposure between the last decile
(heavy users) and the first decile (light users) of the exposure
level (see below). We also investigated the situation assuming
that the error was associated with the true level of use (v #
0), as it was reported previously that low users underestimated
their use while heavy users overestimated it.’

Fitting Model

First, we categorized the continuous exposures X and Y
into deciles based on their distribution among regular mobile
phone users for each exposure metric separately, exactly as
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done in the Interphone main analysis,” as explained earlier.
Then, for each simulated dataset, we fitted separate logistic
regression models of D on the categorical true exposure X
(hereafter referred to as the “true” estimator), and of D on the
error-prone categorical exposure Y (“naive”), in order to esti-
mate the true parameter 5*, with nonregular users of mobile
phone as the reference category. We repeated these steps 5000
times, one for each mobile phone use metric.

Evaluation

For each decile and each type of estimator, we summa-
rized the simulation results by computing several statistical
measures including the mean of the coefficient estimates,
along with its 95% confidence interval and the coverage
probability. Since the log-transformed cumulative number
and duration of calls were similar and because the increased
risk seen in the main study was only with duration of calls,
we only present findings from the analyses based on dura-
tion of calls as the main mobile phone exposure metric.
We observed similar results based on the number of calls
(eTables 9 and 10 and eFigures 2 and 3; http:/links.lww.
com/EDE/C143 in eAppendix 1; http://links.lww.com/EDE/
C143).

Scenarios Investigated as Sources of Error in Mobile
Phone Use

We investigated four main plausible scenarios of (mea-
surement) errors in self-reported mobile phone use, as truly
observed in the Interphone validation studies (eTables 1 and
5; http://links.lww.com/EDE/C143), all based on the above-
mentioned main equation: ¥ ~ N (X +7T + vyX, o07%)
. In scenario 1, we assessed the combined effects of greater
random and systematic errors in cases than in controls.
This is the scenario closest to the reality evidenced by the
Interphone validation studies.”!" In scenario 2 (only ran-
dom error but still differential), we assumed cases to have
greater random error with a larger standard deviation error
than controls but with the same mean, reflecting the possi-
bility that the accuracy of reporting mobile phone use may
be affected by their health status. In scenario 3, we investi-
gated the effect of greater systematic error in cases than in
controls with a fixed random error. The scenario 4 assumed
only random error not differing between cases and controls
(nondifferential).

Input Simulation Parameters

We used the posterior predictive distribution parame-
ters of a Bayesian hierarchical linear model as input param-
eters of mobile phone use in simulations that accounted for
mobile phone use heterogeneity found across the Interphone
study countries (eTable 8; http://links.lww.com/EDE/C143
and eAppendix3; http://links.lww.com/EDE/C145). These
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parameters reflected credible distributions representing the
most realistic and wide variety of situations observed in the
Interphone validation studies.

Selection Bias Through Time Since First Regular Use
Participation rates in the Interphone study were rather low
and varied strongly between cases and controls, and across study
centers.® The overall response rates were 71% among glioma
cases, but only 53% among controls. Since the amount of mobile
phone use was not available from the nonresponse questionnaire
(as otherwise participation in the nonresponse questionnaire
would have been lower), the year, since participants started using
a mobile phone regularly, was used in our simulations. Hence,
risk analyses were extended by using the year of the start of reg-
ularly using a mobile phone divided into four categories: <1992,
1993-1997, 1998-2000, >2001. Nonregular users served as the
reference category. We compared the dates of first use between
interviewees and responders from the nonresponse questionnaire
and also reported the ratios ¥ of proportions between the two
groups in each exposure category, which allowed the use of the
bias-correction formula of Greenland'? to obtain bias-corrected
risk estimates (eAppendix2; http:/links.lww.com/EDE/C144).

RESULTS

Descriptive Data From the Interphone Exposure
Validation Studies

Based on both Interphone validation studies, the esti-
mated mean and standard deviation of mobile phone use
data, as well as the ratio 7, are shown in eTable 2; http://links.
Iww.com/EDE/C143. On average, both cases and controls
underestimated their number of calls by up to 0.21 (on the
log scale) and overestimated call duration by up to 0.34 (on
the log scale), consistent with already published findings.*!!
Similar findings were also supported using untransformed
data (eTable 6; http://links.Iww.com/EDE/C143). eTable 3;
http://links.lww.com/EDE/C143 presents estimates by par-
ticipating countries. There was heterogeneity (linear mixed
models, likelihood ratio test (LRT) P values <0.05) in errors
(T) across countries, especially among countries from the first
validation study. Interestingly, in the Italian validation case—
control study, on average, cases overestimated their number
of calls by 0.04 while controls underestimated them by 0.12
(eTable 7; http://links.lww.com/EDE/C143), which was dif-
ferent from the two other countries (Australia, Canada).

Monte Carlo Simulation Results of Modeling
Errors in Mobile Phone Use Recall

In the following section, we focus on results under the
null assumption of no real effect, unless otherwise stated. We
start with scenario 4, which is the one based on the true obser-
vations from the validation studies, followed by the others for
a better understanding of the impact of the individual different
measurement errors.

© 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
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Scenario 1: Differential Random and Systematic
Errors — Scenario Based on Real Validation Studies

This is the most interesting scenario as reflecting closely
the observations from the validation studies,”!! combining
greater random and systematic errors among cases than con-
trols, where the main equation reduces to

v o~ {N (X, o%,) among controls

N(X +7+ m X, 1, 1.1 x0}) among cases’

We observed a J-shaped curve between deciles of exposure
(relative to nonregular mobile phone users) and (log) risk
estimates with a greater underestimation of risk among the
lower users followed by a slight underestimation among the
moderate users (medium deciles) and then ending with a clear
overestimation of risks for the heavier users (the last deciles),
creating a spurious positive association among the 10% heavi-
est users (Table 1 and Figure D). The last decile (d10) related
to heavy mobile phone users exhibited a particularly poor
performance with a strong overestimation of risk (OR = 1.91
[95% confidence interval = 1.22, 3.00]) where we estimated
the type-1 error rate as 93% and the coverage probability as
7%. The greater the random error in cases compared to con-
trols, the more pronounced became the J-shape curve (eFigure
5; http://links.lww.com/EDE/C143).

Under H, with OR* = 1.3, among the heavier users
the power was close to 100% while the coverage dropped
to 18% with a clear overestimation of risk (observed OR
= 2.89 vs. expected OR = 1.70) (eTable 4 and eFigure 1D;

http://links.lww.com/EDE/C143). We noticed a poor cover-
age among light (d1) mobile phone users. We observed a
similar J-shaped curve, also reinforcing the active effect of
greater differential random errors among cases and the lim-
ited impact of the magnitude of the true effect size on the
shape of the curve (eFigures 1 and 5; http://links.lww.com/
EDE/C143).

Scenario 2: Only Differential Random Errors

Where cases have greater random error than controls
(o7, = 1.107,), with the expected error value (T) set to 0 and
with no deviation between the error and true value (y = 0),
the main equation reduces to:

N (X , (YzT) among controls
Y ~ 0 .
N (X, 1.1 x 07,) among cases

We observed a U-shaped response but still with a high
right-hand tail (Table 1 and Figure B). The type-1 error rate
increased to around 28% while the coverage probability
decreased to 71% for left-hand and right-hand tail deciles cor-
responding to light and heavy users. Again here, the greater
the random error in cases compared to controls, the more
pronounced the U-shape curve (eFigure 4; http://links.lww.
com/EDE/C143). This pattern was somewhat similar to that
observed in the mixed-errors scenario (scenario 4) with the
presence of greater differential random errors among cases
(eFigure 5; http://links.lww.com/EDE/C143).

Table 1.

Simulation Results of Measurement Errors in Mobile Phone Use on Risk Estimates for Each Decile Under the Null

Hypothesis (H,) of No Effect; by Scenario Along With the True Estimator; Duration of Calls

Number of Calls Deciles of Exposure
Scenario* Scenario Number D1 D2 D3 D4 D5 D6 D7 D8 D9 D10
Without error (true estimator)
Coverage - 95.3 95.5 94.1 96.2 94.4 95.0 94.4 95.1 94.8 95.2
Type-1 error 4.7 4.5 59 3.8 5.6 5.0 5.6 4.9 52 4.9
Differential systematic and random® 1
Coverage 63.8 66.5 70.6 79.3 86.9 92.1 93.9 88.5 61.8 6.6
Type-1 error 36.2 335 29.4 20.7 13.1 7.9 6.1 11.5 382 93.4
Differential random® 2
Coverage 71.8 94.8 94.3 92.7 91.2 91.2 92.8 94.6 94.7 71.4
Type-1 error 28.2 5.1 5.7 7.3 8.8 8.8 7.2 5.4 53 28.6
Differential systematic? 3
Coverage 31.0 59.9 78.1 89.0 92.0 94.9 90.1 80.5 61.8 25.7
Type-1 error 69.0 40.1 21.9 11.0 8.0 5.1 9.9 19.5 38.2 74.3
Random error® 4
Coverage 89.3 95.4 95.1 934 93.6 93.9 94.3 94.6 94.5 88.9
Type-1 error 10.7 4.6 4.9 6.6 6.4 6.1 5.7 5.4 5.5 11.1

“In all scenarios, nonregular mobile phone users served as the reference category. The true OR (OR*) used for generating the model is supposed to be equal to 1.0.

"Differential random and systematic scenario: cases have greater random (10% more) and average systematic (7 = 0.34) error than controls, and the error increases with the level
of use (y = 0.02). Random standard deviation error is set to 1.22 among controls (07,).

Differential random scenario; cases have greater random error than controls (average standard deviations ratio between cases and controls equal to 1.1).

dDifferential systematic scenario: cases have greater average systematic error than controls (expectation 7 = 0.34) and the error increased with the level of use (y = 0.02). Random
error is kept at a constant level (of 1.28) and similar among cases and controls.

‘Random error scenario: the random standard deviation 07 is set to 1.22.
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Figure. Boxplots (over 5000 replicates) of (log) risk estimates associated with deciles of exposure (total duration of calls) in the
absence of an effect (H,; OR* = 1.0) for different scenarios.? True (without error) and naive (with error) estimators.?In all scenarios,
nonregular mobile phone users served as the reference category. The true OR (OR*) used for generating the model is supposed to
be equal to 1.0. Scenarios were: differential random and systematic scenario: cases have greater random (10% more) and aver-
age systematic (7 = 0.34) error than controls, with the error increases with the level of use (y = 0.02) and the random standard
deviation error is set to 1.22 among controls (07,) (D; scenario 1); differential random scenario; cases have greater random error
than controls (average standard deviations ratio between cases and controls equal to 1.1) (B; scenario 2); differential systematic
scenario: cases have greater average systematic error than controls (expectation 7 = 0.34) with the error increased with the level
of use (y = 0.02) and the random error is kept at a constant level (of 1.28) and similar among cases and controls (C; scenario 3);
random error scenario: the random standard deviation or was set to 1.22 (A; scenario 4).

Scenario 3: Differential Systematic Errors

Here cases have greater systematic error than controls
with errors increasing with the level of use while the random
error is kept at the same level between cases and controls,
hence the main equation reduces to:

. N (X, o%) among controls
Y ~
N(X +714+ m X, 1, 07) among cases
Overestimation of exposure among cases — with both average
systematic error and a positive association between the error

442 | www.epidem.com

and the level of use — resulted in an underestimation of risks in
the first deciles and an overestimation in the last deciles with
an apparent symmetry of risk estimates around the medium
decile (Table 1 and Figure C). We observed a clear difference
in risks among light users compared with the previous sce-
nario 2, suggesting random error has a higher impact than
systematic error in explaining the mixed-errors scenario. We
observed a strong degradation of both type-1 error rates and
coverage probabilities, especially among heavy users where
the average risk estimate was away from the null, the type-1
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error rate was 74%, and the coverage probability collapsed to
26%. When the error was unrelated to the true level of mobile
phone use, similar patterns were observed in the risk estimates
suggesting again the limited impact of the level of association
introduced between the error and the true level of use.

Scenario 4: Only Nondifferential Errors

The presence of only nondifferential random error,
where the main equation reduces to Y ~ N (X, 0%), had
a limited impact on risk estimates with a flat exposure—
outcome curve where the type-1 error rates and the cover-
age probabilities were close to their nominal values (5%
and 95% for the type-1 error rate and coverage probability,
respectively) (Table 1 and Figure A). These measures were
slightly degraded for light and heavy regular mobile phone
users. This scenario suggests that nondifferential errors had
no major impact.

Under H,, there was an inflation of the risk estimates
away from the null for the deciles below the median and atten-
uation for the deciles higher than the median (eFigure 1A;
http://links.lww.com/EDE/C143) with a slight underestima-
tion of the risk estimate among the heaviest users (observed
OR = 1.51 vs. expected OR = 1.70). Coverage probabilities
showed good performance (>80%) and the power linearly
increased with increasing decile of exposure (from about
54% to 67%) (eTable 4; http://links.lww.com/EDE/C143).
The magnitude of the random error introduced had a limited
impact on the results.

Selection Bias by Time Since First Regular Use

The ratios W of proportions (of exposure) between
interviewed participants and responders from the nonre-
sponse questionnaire for each exposure category are pre-
sented in Table 2 for cases and controls separately and
selection probabilities are shown in Table 3. For both cases
and controls, regular mobile phone users were overrepre-
sented (W > 1) among interviewed participants, especially
those who started using a mobile phone in 1993—-1997, with
the exception of subjects in the more recent category of expo-
sure start year (from 2001+). Never regular mobile phone
users were less likely than users to agree to participate in the
Interphone study, notably among controls. We also observed
major differences in selection probabilities between cases
and controls, whereas cases were likely to participate with
a probability close to one. The analyses assuming values of
underparticipation of nonregular mobile phone users among
controls and among those with more recent start dates (as
observed in the Interphone study) showed narrower and less
attenuated estimates for those who started recently (from
2001+) than for those who started using a mobile phone ear-
lier. The introduction of selection bias also clearly underes-
timated risk estimates.

DISCUSSION
In this study, we conducted Monte Carlo simulation
analyses to examine whether the effects of applying various
types of uncertainties in self-reported mobile phone use on the

Table 2. Ratios of Percentage of Exposure (Year of Start Using a Mobile Phone) Among Interphone Interviewees to Responders
From the Nonresponse Questionnaire, Stratified by Case-Control Status; Interphone Study

Exposure Levels W= Control W* Case W Case—Control
Nonregular users - 0.70 0.71 1.01
Regular users >2001 0.84 0.90 1.07
1998-2000 1.39 1.05 0.76
1993-1997 1.91 1.97 1.03
<1992 1.72 1.32 0.77

Study centers with data on start year using a mobile phone regularly: Australia, Canada-Montreal, Canada-Vancouver, Finland, Germany, Israel, Italy, Norway, and Sweden for

controls and Australia, Finland, Germany, Israel, Italy, and Sweden for cases.

“Ratio of percentage of exposure among interviewed to responders from the nonresponse questionnaire from Interphone study.

Table 3. Participation Probabilities Into the Interphone Study by Exposure (Year of Start Using a Mobile Phone Regularly) and
by Case-Control Status
Exposure Levels Control Case
Nonregular users 0.67 0.93
Regular users >2001 0.70 0.94
1998-2000 0.80 0.95
1993-1997 0.84 0.97
<1992 0.83 0.96

Study centers with data on start year using a mobile phone regularly: Australia, Canada-Montreal, Canada-Vancouver, Finland, Germany, Israel, Italy, Norway, and Sweden for
controls and Australia, Finland, Germany, Israel, Italy, and Sweden for cases. Participation rates were 75.8% among controls and 95% among cases.
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estimation of glioma risk in the absence of any real effect could
be compatible with the observed J-shaped exposure—outcome
function in the main Interphone case—control study’ (eFigure
6; http://links.lww.com/EDE/C143). To our knowledge, this is
the first simulation study quantifying the risk of glioma with
categorical mobile phone use exposure metrics when various
types of bias and uncertainties present in the multinational
Interphone study are accounted for. Using the exact same
categorical exposure measures here as were used in the risk
analysis of the Interphone study enabled us to go further than
several previous simulations that made more general assess-
ments of possible biases and observed that random measure-
ment errors attenuate the risk estimates toward the null 1413
Based on the findings from two Interphone validation studies
on the quality of self-reported mobile phone use, we found
that our simulation model (scenario 4 from above) applying
both the observed greater random and the observed greater
systematic measurement errors in cases than in controls in
the absence of any real effect was perfectly compatible with
the observed J-shaped exposure—outcome relationship and the
increased risk among the 10% heaviest regular mobile phone
users, as seen in the main Interphone study’ (eFigure 6; http://
links.lww.com/EDE/C143). Consequently, this strengthens
the hypothesis that the risk increase observed among heavy
regular mobile phone users in the main Interphone study is
an artifact and most likely due to random and systematic
variations of errors in self-reported mobile phone use in the
absence of any real effect.

Our simulations showed that among the biases present
in the main Interphone study many affect the risk estimation,
even though quantitatively two major ones could explain the
observed J-shape in its entirety, even if there was no true asso-
ciation between mobile phone use and glioma risk. First, the
selection bias leading to overrepresentation of regular mobile
phone users in controls aligns well with the observed inverse
association among light or moderate mobile phone users (as
to both the direction and the magnitude of impact). Second,
the systematic exposure measurement error in self-reported
mobile phone use (consisting of underreporting of actual
use by low users and overestimation by heavy users), with
its larger variance in cases than controls (differential error),
would strongly contribute to the creation of a J-shaped expo-
sure—outcome relationship. This would be in a way that the
right tail of the curve would not only approach the null value
but instead create a spurious positive association only in the
very highest decile of exposure. This effect was even enlarged
because more cases than controls reported implausibly high
amounts of mobile phone use as well. Especially the finding of
the presence of a larger variance among cases than controls in
the systematic error in self-reports to our knowledge has not
been described before and therefore also never been applied
before in any error simulations.®!!

The present simulation study also has several limita-
tions. First, it is the possible presence of unaccounted residual
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uncertainties, since the bias assessment is based on the sam-
ples used in the validation studies, and not on the entire study
population of Interphone,®!! and the validation studies them-
selves may therefore not be free of bias. Hence, a true effect
of the exposure cannot totally be refuted — as also seen in our
simulations with the presence of a real effect (eFigures 1 and
5; http://links.lww.com/EDE/C143) — even though, as said,
the most likely bias scenario matches very well the observed
results of the main study. In the original papers from the
Interphone study,’ the interpretation of bias was rather dis-
missed, mainly because the mean difference between operator
and self-reported data was not significantly different between
cases and controls. However, as explained above, which was
the main new finding from this simulation study, it was the
variance ratio that mattered that was never compared before,
neither individually nor between cases and controls. The slope
of the error between operator-recorded and self-reported data
versus the average was also not adequately tested.

Second, the scale of mobile phone use data utilized
in the present study was not fully comparable to that of the
main Interphone study, since only monthly cumulative mobile
phone use data of both the number and duration of calls were
available from the two Interphone validation studies while
lifetime cumulative exposures were reported from the main
Interphone case—control study. So, this did not allow us to
make exactly equal comparisons regarding the magnitude of
risk estimates but as analogous patterns of results were seen it
is unlikely they would be different for lifetime exposure.

Third, we were also not able to account for the amount
of mobile phone use in simulation analyses of selection bias
and therefore also not able to examine the combined effect
of selection bias and measurement errors since the amount
of use was not available from the nonresponse questionnaire.
Time since first mobile phone use was the only exposure detail
that was assessed in the nonresponse questionnaire. Although
selection bias and measurement errors are likely to operate
together, it was not possible to quantitatively explore the way
they interact in the decile-based risk analyses.

Last, we assumed that responders from the nonresponse
questionnaire were representative of all nonparticipants,
including those who were not asked or refused to complete
the nonresponse questionnaire, although we could not rule out
that these “other” nonparticipants may have different mobile
phone use profiles compared to their nonresponse question-
naire counterparts. The simulation study was also limited by
its lack of controlling for other sources of bias like potential
confounders so that residual confounding may still be possi-
ble. However, confounding bias was thoroughly investigated
in the main Interphone study and no credible candidate was
identified.’”

Our simulations showed that the aforementioned issues
are critical. In fact, the J-shaped exposure—outcome curve
results from both an increase in variance of self-reported use
in the cases versus the controls and from a different slope
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in their nonlinear relation, that is, two of the issues not ana-
lyzed in the previously published Interphone validation study
papers.® ! The increased variance places more cases than
controls into the extreme use categories (at either end of the
range), while the difference in slope modifies this slightly so
that the exaggeration is greatest in the highest (or lowest)
mobile phone user categories. Moving more cases into these
categories implies that the estimated effect will be greatest
for cases, with a reduction in risk suggested in the interme-
diate categories. In the Bayesian analyses, it was found that
the increase in variance was common across all countries. In
the three countries providing data for the recall bias valida-
tion study,’ this resulted in an amplified “U”- or “J”-shaped
response similar to that which is overall proposed. The dif-
ference in the operator-recorded to self-reported use between
cases and controls was small compared with that between the
three countries, while the role of the increased variance to the
increase apparent exposure rates in the extreme categories was
dominant. It is unlikely that results from further case—control
studies will resolve the question of whether mobile phone
use is related to an increased glioma risk due to limitations
inherent in this particular study design; additional prospec-
tive cohort studies like the COSMOS study'*!> are designed
to overcome many of these limitations. While some error in
reporting will inevitably remain as it appears challenging to
remember accurately the exact amount of mobile phone use,
the fact that this information is collected before developing
a glioma and only heavy users versus light users within the
cohort are compared eliminates two of the major error sources
of the main Interphone case—control study.

Vast majority of mobile phone users at the time Interphone
was conducted were users of the second generation of mobile
phone technology (Global System for Mobile Communications
[GSM]) while today the fifth generation (5G) has already been
launched, which has a large impact on the RF-EMF exposures
from mobile phone use. Whereas, in general, numbers of calls
have increased and age at first use is lower, leading to some
increase in cumulative exposure, the output power of mobile
phones has gone dramatically down and more common use of
video calls and headsets leads to less calls with the phone directly
hold to the head, leading to a substantial decrease in cumulative
exposure, so that, on average, RF-EMF exposure to the head
is lower than in the past. On the other hand, past exposures are
important determinants in the development of chronic diseases
such as cancer, so the public health relevance of the Interphone
findings and their interpretation remains. Due to the changing
nature of exposure, monitoring of time trends of glioma inci-
dence rates is important, with the most recent one not showing
any change in time trends compatible with the hypothesis of an
increased risk from mobile phone use.!'®

CONCLUSION
In this simulation study, the most likely bias scenario,
evidenced by data from validation studies on the quality of

© 2024 The Author(s). Published by Wolters Kluwer Health, Inc.

self-reported mobile phone use and produced under the
assumption of no association between mobile phone use and
glioma risk, showed a J-shaped relationship similar to that
observed in the main Interphone study; with a reduced risk
among light and moderate mobile phone users along with an
increased risk in heavy mobile phone users. This strengthens
bias as an explanation for the observation in the main study
and weakens the evidence that the increased risk observed in
the heaviest mobile phone users is causal. Ultimately, how-
ever, this research question will only be resolved with new
data such as data coming from prospective cohort studies min-
imizing these types of bias.
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