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A R T I C L E  I N F O
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A B S T R A C T

Objectives: This study aimed at re-eval u at ing the strength and shape of the dose-re sponse re la tion ship be tween
the com bined (or joint) ef fect of in ten sity and du ra tion of cig a rette smok ing and the risk of head and neck can
cer (HNC). We ex plored this is sue con sid er ing bi vari ate spline mod els, where smok ing in ten sity and du ra tion
were treated as in ter act ing con tin u ous ex po sures.
Materials and Methods: We used in di vid ual-level pooled data from 33 case-con trol stud ies (18,260 HNC cases
and 29,844 con trols) par tic i pat ing in the In ter na tional Head and Neck Can cer Epi demi ol ogy (IN HANCE) con
sor tium. In bi vari ate re gres sion spline mod els, ex po sures to cig a rette smok ing in ten sity and du ra tion (com pared
with never smok ers) were mod eled as a lin ear piece wise func tion within a lo gis tic re gres sion also in clud ing po
ten tial con founders. We jointly es ti mated the op ti mal knot lo ca tions and re gres sion pa ra me ters within the
Bayesian frame work.
Results: For oral-cav ity/ pha ryn geal (OCP) can cers, an odds ra tio (OR) >5 was reached af ter 30 years in cur rent
smok ers of 20 or more cig a rettes/ day. Pat terns of OCP can cer risk in cur rent smok ers dif fered across strata of
al co hol in ten sity. For la ryn geal can cer, ORs >20 were found for cur rent smok ers of 20 cig a rettes/ day for

30 years. In for mer smok ers who quit 10 years ago, the ORs were ap prox i mately halved for OCP can cers,
and 1/ 3 for la ryn geal can cer, as com pared to the same lev els of in ten sity and du ra tion in cur rent smok ers.
Conclusion: Re fer ring to bi vari ate spline mod els, this study bet ter quan ti fied the joint ef fect of in ten sity and du
ra tion of cig a rette smok ing on HNC risk, fur ther stress ing the need of smok ing ces sa tion poli cies.

Introduction

In re cent years, to bacco smok ing has con firmed its role as the
world wide lead ing cause of pre ventable dis eases and death. It is re
spon si ble for at least 12% of all deaths and of 22% of all can cer deaths
world wide [1]. To bacco has been strongly as so ci ated with head and

neck can cer (HNC, i.e., can cers of the oral cav ity, phar ynx, and lar ynx),
which is the sixth most com mon can cer type, ac count ing for nearly
900,000 new cases in 2018 [2].

A dose-re sponse re la tion ship with HNC risk has been re ported for
smok ing in ten sity (cig a rettes per day re ported dur ing the ex po sure pe
riod) and du ra tion (years of ex po sure), as well as for a cu mu la tive
smok ing ex po sure mea sured in pack-years [3,4]. Com pared with in ten
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sity, smok ing du ra tion was shown to pro vide a greater risk of de vel op
ing HNC [5,6], as well as, other to bacco-re lated can cers, such as lung
[7,8] and blad der can cers [9,10].

So far, the as so ci a tion be tween to bacco smok ing and HNC risk was
eval u ated by con sid er ing du ra tion and in ten sity as ei ther sep a rate or
in ter act ing pre dic tors. In the lat ter case, the com bined ex po sure was
mod eled as ei ther cross-prod uct or pack-years [6,11,12]. Step-func tions
[4, page 369] were widely used to pro vide risk es ti mates for the cross-
prod uct of the cat e go rized ex po sures. This ap proach as sumed a con
stant rate within each com bined cat e gory of ex po sure; how ever, this
as sump tion may have been too rough and/ or lead ing to some ef fi
ciency loss [13 15]. As an al ter na tive, lin ear-ex po nen tial mod els es ti
mated the ex cess odds ra tio (OR) of HNC within mod els in clud ing
pack-years and smok ing in ten sity [6,9]. The pack-year ap proach was
tra di tion ally based on a strong as sump tion about the ef fects of smok ing
in ten sity and du ra tion; for in stance, the ef fect of smok ing ½ pack per
day (10 cig a rettes) for 40 years was equiv a lent to smok ing 2 packs (40
cig a rettes) per day for 10 years. In deed, both of them re flect a cu mu la
tive ex po sure of 20 pack-years [16]. How ever, the 2 ex po sures were
mea sured on dif fer ent met rics.

Bi vari ate spline mod els have the po ten tial to pro vide a more re al is
tic rep re sen ta tion of the as so ci a tion be tween smok ing in ten sity and du
ra tion and HNC risk [15]. First, they al low to model in ten sity and du
ra tion in their orig i nal scale of con tin u ous ex po sures and, in this as
pect, splines out per form step-func tion mod els. Sec ond, the two ex po
sures are al lowed to de ter mine dis ease risk in their sep a rate or in ter act
ing role. Third, a non-lin ear ity in the dose-re sponse re la tion ship may
be mod eled.

This study re-eval u ated the joint ef fect of in ten sity and du ra tion of
to bacco smok ing on HNC risk, by means of bi vari ate spline mod els,
within the In ter na tional Head and Neck Can cer Epi demi ol ogy (IN
HANCE) con sor tium [11].

Materials and methods

Data source

The IN HANCE con sor tium was es tab lished in 2004 to elu ci date the
eti ol ogy of HNC through pooled analy ses of in di vid ual-level data from
sev eral stud ies on a large scale [11]. Sev eral as pects of to bacco smok
ing and HNC risk have been pre vi ously in ves ti gated within the con sor
tium [5,6,11,17 19].

From the IN HANCE con sor tium pooled dataset (ver sion 1.5), we ex
tracted all the avail able case-con trol stud ies (35 stud ies) that col lected
in for ma tion on cig a rette smok ing sta tus, in ten sity, and du ra tion at in
di vid ual level (http: // www. inhance. utah. edu, last ac cessed March
25th, 2019). Avail able data were har mo nized at the study co or di nat ing
cen ter [11]. In all the stud ies, in for ma tion on smok ing his tory was self-
re ported. While dif fer ent stud ies had used dif fer ent de f i n i tions of smok
ing sta tus, the cur rent study de fined as never smok ers those in di vid u als
who never smoked reg u larly, or smoked for a very short pe riod, i.e.,
less than 12 months [11]; like wise, for mer smok ers were de fined as
those who had ab stained from any type of smok ing since at least
12 months be fore can cer di ag no sis (cases) or in ter view (con trols).

De tails on in di vid ual stud ies, data har mo niza tion, and pool ing
meth ods are sum ma rized in Table 1. In formed con sent was ob tained
from all study sub jects. The in ves ti ga tions were ap proved by the rel e
vant Boards of Ethics, ac cord ing to the reg u la tion in force at data col
lec tion time.

Selection of subjects

The IN HANCE pro to col al lowed in clu sion of in va sive can cer cases
of the oral cav ity, orophar ynx, hy pophar ynx, oral cav ity or phar ynx

Table 1
Dis tri b u tion of cases of oral and pha ryn geal can cer, la ryn geal can cer, and con trols ac
cord ing to se lected vari ables. IN HANCE con sor tium.

Controls (%)

Oral and
pharyngeal
cancer cases (%)

Laryngeal
cancer
cases (%)

29,844 13,317 4943
Sex
Female 9599 (32) 3786 (28) 730 (15)
Male 20,245 (68) 9531 (72) 4213 (85)
Age (years)
<40 2063 (7) 708 (5) 94 (2)
40 to 44 2045 (7) 823 (6) 207 (4)
45 to 49 3018 (10) 1692 (13) 471 (10)
50 to 54 4231 (14) 2321 (17) 787 (16)
55 to 59 5044 (17) 2627 (20) 1025 (21)
60 to 64 4726 (16) 2185 (16) 1011 (20)
65 to 69 4181 (14) 1489 (11) 754 (15)
70 to 74 3044 (10) 922 (7) 413 (8)

75 1492 (5) 550 (4) 181 (4)
Race
White 21,462 (72) 9076 (68) 3627 (73)
Black 976 (3) 683 (5) 169 (3)
Hispanic 421 (1) 149 (1) 41 (1)
Asian and

Pacific
Islanders

3849 (13) 1293 (10) 77 (2)

Others and
Brazilians

3136 (11) 2116 (16) 1029 (21)

Study
Aviano 802 (3) 288 (2) 128 (3)
Baltimore 163 (1) 123 (1) 29 (1)
Beijing 377 (1) 322 (2) 0 (0)
Boston 473 (2) 339 (3) 75 (2)
Buffalo 863 (3) 282 (2) 113 (2)
Central Europe 730 (2) 238 (2) 295 (6)
France

Multicen.
(1989 1991)

255 (1) 163 (1) 247 (5)

France
Multicen.
(2001 2007)

2964 (10) 1343 (10) 366 (7)

Germany-
Heidelberg

644 (2) 0 (0) 172 (3)

Germany-
Saarland

83 (0) 53 (0) 22 (0)

HOTSPOT 59 (0) 63 (0) 0 (0)
Houston 738 (2) 561 (4) 119 (2)
International

Multicenter
1450 (5) 1053 (8) 0 (0)

Iowa 600 (2) 344 (3) 58 (1)
Italy

Multicenter
2506 (8) 685 (5) 421 (9)

Japan (2001
2005)

2817 (9) 392 (3) 71 (1)

Latin America 1446 (5) 981 (7) 612 (12)
Los Angeles 905 (3) 273 (2) 70 (1)
Milan (1984

1989)
1413 (5) 161 (1) 215 (4)

Milan (2006
2009)

669 (2) 118 (1) 162 (3)

MSKCC 115 (0) 61 (0) 20 (0)
New York

Multicenter
1246 (4) 818 (6) 202 (4)

North Carolina
(1994 1997)

154 (1) 91 (1) 31 (1)

North Carolina
(2002 2006)

982 (3) 594 (4) 283 (6)

Puerto Rico 410 (1) 182 (1) 0 (0)
Rome 350 (1) 98 (1) 173 (3)
Sao Paulo 1519 (5) 1042 (8) 406 (8)
Seattle (1985

1995)
465 (2) 317 (2) 0 (0)

Seattle-Leo 371 (1) 264 (2) 123 (2)
Switzerland 824 (3) 311 (2) 104 (2)
Tampa 789 (3) 115 (1) 48 (1)
US Multicenter 936 (3) 710 (5) 0 (0)
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Table 1 (Continued)

Controls (%)

Oral and
pharyngeal
cancer cases (%)

Laryngeal
cancer
cases (%)

Western Europe 1726 (6) 932 (7) 378 (8)
Education
No education 1078 (4) 726 (5) 118 (2)

Junior high
school

10,456 (35) 4674 (35) 2371 (48)

Some high
school

5330 (18) 2751 (21) 922 (19)

High school
graduate

3883 (13) 1883 (14) 717 (14)

Technical
school, some
college

4825 (16) 1989 (15) 496 (10)

College
graduate

4272 (14) 1294 (10) 319 (6)

Drinking status
Never user 8068 (27) 2279 (17) 578 (12)
Former user 3072 (10) 2521 (19) 833 (17)
Current user 14,210 (48) 6943 (52) 2442 (49)
Missing 4494 (15) 1574 (12) 1091 (22)
Alcohol drinking intensity (number of drinks/day)
0 <1 17,207 58) 4899 37) 1433 (29)
1 <5 8913 30) 4099 31) 1757 (35)

5 2925 10) 3814 29) 1626 (33)
Missing 799 3) 505 4) 127 (3)
Alcohol duration (years)
Never drinkers 8068 (27) 2279 (17) 578 (12)
0 <20 2984 (10) 1182 (9) 297 (6)
20 <40 9427 (32) 5422 (41) 1848 (37)
40 <60 6013 (20) 2920 (22) 1435 (29)

60 412 (1) 176 (1) 123 (2)
Missing 2940 (10) 1338 (10) 662 (13)

ABBREVIATIONS: MSKCC: Memorial Sloan Kettering Cancer Center.
We excluded subjects with missing information on age, sex, and race (see Fig. 1).

Missing values for education were imputed according to the INHANCE protocol.

not oth er wise spec i fied, lar ynx, or un spec i fied HNC. Cases with can cers
of the sali vary glands or of the nasal cav ity/ ear/ paranasal si nuses were
ex cluded [11]. The orig i nal study sam ple in cluded 25,865 HNC cases
and 37,248 con trols, giv ing a to tal of 63,113 sub jects.

We con ducted sub jects  se lec tion ac cord ing to the fol low ing main
steps (eAppendix, text and Fig. 1), ex clud ing: 1. cases with un spec i fied
(95 sub jects) or over lap ping HNC (331 sub jects); 2. sub jects re port ing
smok ing to bacco prod ucts other than cig a rettes (i.e., cigar, pipe, and
cig a r illo), to avoid risk dis tor tion due their use [5] (6255 sub jects); 3.
sub jects with miss ing in for ma tion on du ra tion and/ or in ten sity of cig a
rette smok ing (1897 sub jects); 4. all sub jects from stud ies that in cluded
only never (i.e., Japan 1988 2000) (822 sub jects) or cur rent (i.e.,
France 1987 1992) smok ers (457 sub jects), af ter the pre vi ous se lec tion
steps.

In or der to pre vent po ten tial es ti ma tion dis tor tion at the high est
lev els of the ex po sure dis tri b u tions (due to small num bers of sub jects
or in for ma tion bias in heavy to bacco con sumers), fur ther ex cluded
were those sub jects re port ing the high est 5% of cig a rette smok ing in
ten sity (>40 cig a rettes per day) or du ra tion (>51 years) (14% HNC
cases and 6% con trols ex cluded).

Af ter all the de scribed se lec tion steps (eAppendix, text and Fig. 1),
the analy sis in cluded 33 stud ies [20 53] with 48,104 sub jects (18,260
HNC cases and 29,844 con trols) (Table 1). When a study re ported to
have con ducted a case-con trol match ing, sep a rate sets of con trols were
matched for oral cav ity and phar ynx (OCP) can cers com bined and for
la ryn geal can cer cases. In de tail, the analy sis in cluded: 5423 can cers of
the oral cav ity; 6261 pha ryn geal can cer cases (4648 oropha ryn geal and
1613 hy popha ryn geal can cers cases); 1633 un spec i fied oral cav ity/
phar ynx can cers (giv ing a to tal of 13,317 OCP can cer cases com bined),
and 4943 la ryn geal can cers.

Statistical analysis

The bi vari ate re gres sion spline mod els [54] used to in ves ti gate the
dose re sponse re la tion ship be tween HNC and the joint ex po sure to
smok ing in ten sity and du ra tion was de scribed ex ten sively in eAppendix
 Sta tis ti cal Analy sis and in Di Credico s PhD The sis [55]. We as sumed

a gen er al ized semi-para met ric lo gis tic re gres sion model where the two
ex po sures were en tered as a joined piece wise poly no mial of a lin ear
de gree with con straints for con ti nu ity at each join point (called knot),
to gether with po ten tial con founders (i.e., age, sex, race, study, ed u ca
tion, drink ing sta tus, drink ing in ten sity, and drink ing du ra tion) [15].
Knots rep re sented change points in the slope of the risk sur face. The set
of spline re gres sion pa ra me ters de scribed the shape of the risk sur face.
We fur ther as sumed that the knot lo ca tions for any of the two ex po
sures were un known pa ra me ters to be es ti mated, up to a max i mum of
2 knots al lowed for each ex po sure. At the max i mum level of com plex
ity, the risk sur face was al lowed to have 2 change-points in the slope
for any ex po sure and 9 dif fer ent ar eas with a pos si bly chang ing slope.

The op ti mal knot lo ca tions and re gres sion pa ra me ters were jointly
es ti mated within the Bayesian ap proach. Prior dis tri b u tions ex pressed a
pri ori knowl edge (here vague) on plau si ble val ues of knot lo ca tions and
re gres sion pa ra me ters [56,57]. Their pos te rior dis tri b u tion com bined
prior in for ma tion and avail able data through the Bayes the o rem. A
joint pos te rior dis tri b u tion was sim u lated for each can cer site, smok
ing-sta tus stra tum (cur rent/ for mer smok ers), and com bi na tion of num
ber of knots us ing the Markov Chain Monte Carlo-type NUTS (No-U-
Turn Sam pler) [58] al go rithm. For each com bi na tion of site and stra
tum, the best model was se lected among the con ver gent mod els with
sen si ble knot lo ca tions ( 95  per centile of ei ther ex po sures) as the one
that min i mized the Wanatabe-Akaike In for ma tion Cri te rion (WAIC)
[59,60]. The op ti mal knot lo ca tions, the ORs, and their 95% cred i ble
in ter vals (CIs) were de rived from the pos te rior dis tri b u tion cor re spond
ing to the best model. The ORs were pre sented through three-di men
sional mesh plots that dis played the sur face of risk for any com bi na tion
of cig a rette smok ing in ten sity and du ra tion, and through two-di men
sional con tour plots that showed iso-risk curves iden ti fy ing the com bi
na tions of the two ex po sures with the same OR. Also ex plored were
trade-offs be tween in ten sity and du ra tion in two-di men sional con tour
plots by com par i son of ORs for a fixed cu mu la tive ex po sure (i.e., pack-
years).

To eval u ate po ten tial mod i fy ing ef fects of some co vari ates, analy ses
were car ried out in strata of al co hol drink ing in ten sity (i.e., <1, 1 <5,

5 drinks per day) for cur rent smok ers, and years since quit ting (i.e.,
<10, 10 years) for for mer smok ers. Sep a rate re sults for the risk of la
ryn geal can cer across al co hol drink ing in ten sity strata were pre sented,
due to ab sence of het ero gene ity of the risk sur faces across strata for
cur rent smok ers. As a com par i son, risk es ti mates were fur ther es ti
mated ac cord ing to the Bayesian step-func tion re gres sion model.

When pos si ble, all the mod els were fit ted with the full set of po ten
tial con founders shown in Table 1; more over, Never smok ers  were
as sumed as the ref er ence cat e gory. Cal cu la tions were car ried out us ing
the open-source Stan pro gram [61] within the open-source R pro gram
[62,63].

Results

Table 1 shows se lected char ac ter is tics of cases and con trols, ac cord
ing to the vari ables in cluded in the mod els as po ten tial con founders.
Ap prox i mately 70% of the sub jects were white. Stud ies from Eu rope
con tributed with ap prox i mately 44% of sub jects; 31% of sub jects were
from the United States, whereas the re main ing ones were from Latin
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Fig. 1. Flow chart of sub jects  se lec tion.
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Amer ica (14%) and Asia (11%). Six stud ies pro vided only cases of OCP
can cer.

Table 2 shows the dis tri b u tion of cig a rette smok ing habits for OCP
can cer, la ryn geal can cer, and con trols. Never smok ers were 21% of
OCP and 7% of la ryn geal can cers, ver sus 45% of con trols. Cur rent
smok ers were 66% of la ryn geal can cer cases, 57% of OCP can cer cases,
and 26% of con trols. The preva lence of for mer smok ers was sim i lar in
cases and con trols, but the per cent age of sub jects who quit cig a rette
smok ing 10 years ago was 52% among HNC cases and 72% among
con trols.

Fig. 2 shows the mesh and con tour plots for can cers of the OCP and
lar ynx among cur rent cig a rette smok ers. Knot lo ca tions were in di cated
by thicker black lines; the in ter sec tions of the lines de fined the ar eas
where the risk sur face had dif fer ent slopes. For both can cer sites, the
best model was char ac ter ized by one knot for du ra tion (at 33 years for
OCP can cer and 30 years for la ryn geal can cer) and one knot for in ten
sity (at 16 and 25 cig a rettes/ day, re spec tively). Smok ing du ra tion mod
i fied OCP can cer risk at any lev els of in ten sity (Fig. 2A). In con trast, for
any du ra tion up to 10 years, the ORs were al ways <2, re gard less of the
in ten sity of cig a rette smok ing. In ad di tion, at a fixed value of 20 pack-
years, an in ten sity of 40 cig a rettes/ day and a du ra tion of 10 years led
to an OR of 2, whereas the OR was equal to 4 with a du ra tion of
40 years in smok ers of 10 cig a rettes/ day.

For la ryn geal can cer, ORs >20 were found for in ten si ties of >20
cig a rettes/ day and du ra tions of >28 years (Fig. 2B). More over, ORs
>10 of la ryn geal can cer were reached by cur rent smok ers of >20 cig
a rettes/ day only when du ra tion was >20 years; how ever, ORs >10
were not reached for any du ra tion <15 years and any level of in ten
sity. Fi nally, the OR was 6.2 for smok ers of 40 cig a rettes/ day for
10 years, but it was higher (be tween 9 and 10) for 20 cig a rettes/ day
smoked for 20 years, or for 10 cig a rettes/ day smoked for 40 years.

The shape of the risk sur face and the val ues of the ORs were also
very sim i lar across ma jor OCP can cer sub sites (i.e., oral cav ity and
oropha ryn geal can cers) (eFig ure 2).

Fig. 3 shows the joint ef fect of cur rent smok ing in ten sity and du ra
tion in strata of al co hol con sump tion. Among never drinkers (<1
drink/ day), the shape of the risk sur face was sim i lar to the one pre

Table 2
Dis tri b u tion of cases of oral and pha ryn geal can cer, la ryn geal can cer, and con trols ac
cord ing to se lected as pects of cig a rette smok ing habits. IN HANCE con sor tium.

Controls (%)

Oral and
pharyngeal
cancer cases (%)

Laryngeal
cancer
cases (%)

Cigarette smoking status
Never

user
13,347 (45) 2791 (21) 330 (7)

Former
user

8792 (29) 2909 (22) 1353 (27)

Current
user

7705 (26) 7617 (57) 3260 (66)

Cigarette smoking intensity (number of cigarettes/day)
Never

user
13,347 (45) 2791 (21) 330 (7)

1 15 7199 (24) 2814 (21) 1054 (21)
>15 25 6166 (21) 4483 (34) 2083 (42)
>26 40 3132 (10) 3229 (24) 1476 (30)
Cigarette smoking duration (years)
Never

user
13,347 (45) 2791 (21) 330 (7)

1 25 7214 (24) 2019 (15) 604 (12)
>25 35 4360 (15) 3370 (25) 1330 (27)
>35 51 4923 (16) 5137 (39) 2679 (54)
Time since quitting cigarette smoking (years) (for formers only)

1 <10 2300 (26) 1310 (45) 626 (46)
10 3655 (72) 1522 (52) 711 (53)

Missing 137 (2) 77 (3) 16 (1)

Proportions were calculated among former smokers only.

sented for all al co hol in ten si ties to gether (Fig. 2A), but the ORs were
gen er ally lower; all the ORs were <2 for du ra tions 15 years and any
in ten sity, whereas an OR >5 was ob served only af ter 25 years of du
ra tion or more (Fig. 3A). How ever, the shape of the sur face and/ or the
ORs of the joint ef fect of du ra tion and in ten sity were dif fer ent when
light (Fig. 3B) and heavy (Fig. 3C) drinkers were con sid ered.

As a com par i son, the ORs and their cor re spond ing 95% CIs were es
ti mated for each can cer site in cur rent smok ers within the Bayesian lo
gis tic re gres sion model that as sumed the pres ence of step func tions
(Table 3, main ORs). These es ti mates were com pared with the range of
OR es ti mates de rived from the spline mod els for each joint cat e gory of
du ra tion and in ten sity (Table 3, brack eted ORs). For both can cer sites,
all Min-Max ranges in cluded the OR es ti mates ob tained from the
Bayesian lo gis tic re gres sion, and this repli ca tion re as sured that the
spline model was valid. In ad di tion, within the ex am ined cat e gories,
the step-func tion in ter vals widely over lapped with the Min-Max ranges
of the ORs from the spline mod els, but failed to cap ture the ORs vari
abil ity. For in stance, for OCP can cer in cur rent smok ers of 26 40 cig a
rettes/ day for 36 51 years, the cat e gor i cal OR was 8.4 (95% CI: 8.0
8.9), whereas the OR var ied from 7.1 to 10.6 un der the spline model
ap proach for the same com bined cat e gory (Table 3). The same pat tern
emerged at any com bi na tion of du ra tion and in ten sity for both can cer
sites for for mer smok ers who quit 10 years ago (eTable 2).

Among for mer smok ers who quit 10 years ago, no ORs >4 were
ob served for OCP can cer (Fig. 4A), and the ORs were ap prox i mately
halved, as com pared to the same lev els of du ra tion and in ten sity in cur
rent smok ers (Fig. 2A). A mean risk re duc tion of 2/ 3 was also found for
la ryn geal can cer in long-term for mer smok ers, with ORs de clines that
var ied from 1/ 3 to 4/ 5 de pend ing on the dif fer ent com bi na tions of in
ten sity and du ra tion (Fig. 4B). These es ti mates were de rived from mod
els that in cluded one knot for in ten sity (27 cig a rettes/ day) for la ryn
geal can cer and no knots for OCP can cer. Re sults on the com bined set
of for mer smok ers (re gard less of time since quit ting) were sim i larly
pre sented in eFig ure 3.

Discussion

Our large pooled analy sis showed that cig a rette smok ing du ra tion
and in ten sity did not in crease HNC risk to the same ex tent, but the ef
fect was greater for longer du ra tions. At the high est com bined lev els of
cig a rette in ten sity and du ra tion, sub jects may reach ORs >10 of OCP
can cer and ORs >40 of la ryn geal can cer, as com pared to never smok
ers. Bi vari ate re gres sion spline mod els have been proven suc cess ful in
ex plor ing the sep a rate and joint ef fects of in ten sity and du ra tion of cig
a rette smok ing. There fore, when pos si ble, mod els that al low this dif fer
en tial im pact of in ten sity and du ra tion on the risk should be con sid ered
[8,12,16].

Re sults from the pre sent study were con sis tent with pre vi ous find
ings show ing no thresh old ef fect on HNC risk of shorter du ra tions or
lower in ten si ties of to bacco smok ing [13,64]. In deed, the lit er a ture
sup ported the pres ence of a dose-re sponse re la tion ship be tween cig a
rette smok ing and HNC risk over the en tire range of con sump tion
[5,13]. Our con tri bu tion ad di tion ally sug gested that the dose-re sponse
re la tion ship with OCP and la ryn geal can cer risk was still far from be ing
lin ear, with a steeper in crease for in ter me di ate con sump tions and a
pos si ble plateaux in di cat ing a sat u ra tion ef fect  in smok ers with
>20 years of du ra tion and >30 cig a rettes/ day.

Our re sults also strengthen the ev i dence [18,65] on the im pact of
smok ing ces sa tion on HNC can cer risk, with the OR in for mer smok ers
who quit 10 years ago be ing more than halved for OCP can cer and

1/ 3 lower for la ryn geal can cer, in com par i son with cur rent smok ers.
These re sults con vey to the gen eral pop u la tion and to pub lic health
pro fes sion als the valu able mes sage that it is never too late to give up
cig a rette smok ing, as quit ting pro vides far smaller risks of de vel op ing
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Fig. 2. Odds ra tios  of oral and pha ryn geal can cer and la ryn geal can cer in cur rent smok ers, for the joint ef fect of in ten sity (cig a rettes/ day) and du ra tion (years) of cig a
rette smok ing es ti mated through bi vari ate spline mod els. IN HANCE con sor tium. Fit ted mod els in cluded ad just ment for age, sex, race, study, ed u ca tion, drink ing sta tus, drink ing
in ten sity, and drink ing du ra tion. The ref er ence cat e gory was de fined as Never smok ers . On the grid, black thicker lines rep re sent knot lo ca tions: 16 cig a rettes/ day and 33 years of
du ra tion for oral and pha ryn geal can cer and 25 cig a rettes/ day and 30 years of du ra tion for la ryn geal can cer, re spec tively. Dark grey lines in con tour plots in di cate iso-risk curves at de
fined lev els of risk.

HNC can cer for OCP and, most of all, for la ryn geal can cers. This is in
ac cor dance with an other re cently pub lished meta-analy sis of ob ser va
tional stud ies on la ryn geal can cer based on 14,292 cases from 3 co hort
and 15 case-con trol stud ies [65].

When the com bined ef fect of smok ing in ten sity and du ra tion was
mod elled as a cross-prod uct term, an in ter ac tion term be tween al co hol
con sump tion and cig a rette smok ing was tra di tion ally added to the
mod els [3,4]. In our study this ef fect was ex plored by strat i fied re gres
sion spline mod els es ti mated within cat e gories of al co hol con sump tion;
we com pared the shape of the risk sur face and the ORs val ues from the
iso-risk curves across the three strat i fied analy ses. How ever, our re sults
also showed that al co hol acts as a sub stan tial mod i fier of the as so ci a
tion be tween OCP can cer risk and the joint ef fect of cig a rette in ten sity
and du ra tion [4,17].

Ma jor strengths of our study in cluded a large sam ple size, in ter na
tional rep re sen ta tive ness, and valid in for ma tion on po ten tial con found
ing fac tors. In ad di tion, we ap plied a novel Bayesian ap proach to

jointly es ti mate the op ti mal knot lo ca tions and the ORs of HNC for the
joint ef fect of in ten sity and du ra tion in a bi vari ate con text. Af ter ex am
in ing var i ous fre quen tist so lu tions [66,67], we opted for the Bayesian
ap proach that al lowed to put the knots where the data sug gested, once
we had taken the en tire set of con found ing vari ables into con sid er a
tion. Within the Bayesian frame work, we were also able to choose the
op ti mal num ber of knots (up to 2) and knot lo ca tions by model com
par i son based on in for ma tion cri te ria, in stead of just com par ing mod els
with fixed num ber and lo ca tion of the knots. Fi nally, we could in cor po
rate in the model se lec tion process ev i dence from the lit er a ture on the
max i mum num ber of changes in the risk pat tern, which is un likely to
be higher than 2. In deed, cig a rette smok ing is sup posed to have a pro
tec tive or null ef fect on the risk at lower lev els, a sat u ra tion ef fect at
the high est in ten sity lev els [68], as well as the ex pected in crease pre vi
ously de scribed at the in ter me di ate lev els of con sump tion. The pro
posed Bayesian ap proach is ap plic a ble to other epi demi o logic sce nar ios
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Fig. 3. Odds ra tios  of oral and pha ryn geal can cer in cur rent smok ers by al co hol drink ing in ten sity, for the joint ef fect of in ten sity (cig a rettes/ day) and du ra tion (years) of
cig a rette smok ing, es ti mated through bi vari ate spline mod els. IN HANCE con sor tium. Fit ted mod els in cluded ad just ment for age, sex, race, study, ed u ca tion, and al co hol drink ing
sta tus. The ref er ence cat e gory was de fined as Never smok ers , in each strata of al co hol drink ing in ten sity. On the grid, black thicker lines rep re sent knot lo ca tions: 32 years of du ra
tion for never drinkers, and 12 cig a rettes/ day and 25 years of du ra tion for heavy drinkers, re spec tively. Dark grey lines in con tour plots in di cate iso-risk curves at de fined lev els of risk.
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Table 3
Odds ra tios (ORs)  and 95% cred i ble in ter vals (CIs) of oral and pha ryn geal can cer and la ryn geal can cer in cur rent smok ers, for the joint ef fect of in ten sity (cig a rettes/ day) and du ra tion
(years) of cig a rette smok ing es ti mated through step-func tion as com pared with re sults from bi vari ate spline mod els. IN HANCE con sor tium.

Intensity (cigarettes/day)

1 15 16 25 26 40

Cancer type Ca:Co
OR (95%CI)
[Min-Max] Ca:Co [Min-Max] Ca:Co

OR (95%CI)
[Min-Max]

Oral cavity and pharynx
Duration (years)
1 25 322:1046 1.5 (1.4 1.7) 371:663 2.7 (2.4 2.9) 191:270 3.3 (2.8 3.9)

[0.9 3.1] [0.9 4.2] [0.8 5.9]
26 35 583:911 2.9 (2.7 3.1) 1138:954 5.1 (4.9 5.4) 849:466 7.2 (6.7 7.8)

[1.4 4.8] [3.5 6.9] [4.6 11.0]
36 51 912:1175 3.7 (3.5 3.9) 1838:1409 6.0 (5.8 6.2) 1413:694 8.4 (8.0 8.9)

[1.6 5.8] [5.2 7.1] [7.1 10.6]
Larynx
Duration (years)
1 25 75:908 3.8 (3.3 4.4) 112:576 9.4 (8.3 10.5) 70:247 14.8 (12.2 17.8)

[1.1 8.8] [2.3 20.1] [2.8 23.1]
26 35 183:812 7.3 (6.9 7.9) 423:845 17.2 (16.8 17.6) 319:415 28.5 (27 30.2)

[2.9 12.6] [10.1 29.6] [22.4 37.7]
36 51 394:1064 8.9 (8.8 9.1) 966:1274 19.5 (19.3 19.8) 718:616 33.9 (33.5 34.3)

[3.9 15.3] [13.9 31.0] [30.9 43.2]

Fitted models included adjustment for age, sex, race, study, education, drinking status, drinking intensity, and drinking duration. The reference category was defined as Never
smokers . The reference category included 2791 cases and 13,139 controls for the analysis on oral and pharyngeal cancer and 330 cases and 11,433 controls for that on laryngeal
cancer.

Min and Max represent the lowest and the highest OR values estimated for any combinations of intensity and duration by bivariate spline models.

where con tin u ous ex po sures in their po ten tial in ter ac tion af fect dis ease
risk.

Among study lim i ta tions, the ret ro spec tive study de sign and the
self-re ported smok ing his tory were the most rel e vant ones. Even if a
large amount of lit er a ture has sug gested ac cept able cor re la tions be
tween self-re ported smok ing in ten sity and co ti nine lev els in blood or
urine [69], in ac cu rate self-re port ing may oc cur. Dis crep an cies be tween
self-re ported and ob jec tive in for ma tion were more likely among long-
term heavy smok ers [70]; higher val ues of in ten sity and du ra tion were
there fore more prone to in ac cu rate re port ing. Fur ther more, smok ing
in ten sity may have var ied over time and by age of ex po sure. How ever,
its es ti mates were of ten based on the self-re ported av er age num ber of
cig a rettes per day; these two as pects may have led to ap pre cia ble er
rors in mea sur ing the true mean in ten sity of ex po sure over one s life
time. These is sues may well be se ri ous here, given the con tin u ous na
ture of the ex po sures con sid ered in spline mod els. To re duce in for ma
tion bias and resid ual con found ing at the ex treme val ues of the ex po
sure dis tri b u tions, we ex cluded sub jects re port ing higher (>95th per
centiles) cig a rette in ten sity and/ or du ra tion from the pre sent analy sis
[13,15,71]. In ad di tion, to avoid bias due to the use of other to bacco
prod ucts, we ex cluded sub jects re port ing use of to bacco prod ucts other
than cig a rettes. We were also obliged to com bine dif fer ent sub sites of
OCP can cer, al though dif fer ences in ae ti ol ogy (i.e., the causal role of
hu man pa pil lo mavirus in oropha ryn geal can cer) have been demon
strated [34]. How ever, re sults were sim i lar for ma jor sub sites, al though
based on less sta ble mod els. Fi nally, our Bayesian ap proach was com
pu ta tion ally time con sum ing, ask ing for sev eral hours of server com
put ing for each model fit ted.

Re sults from the pre sent study con firmed pre vi ous ev i dence on the
main con tri bu tion of cig a rette smok ing du ra tion in in flu enc ing HNC
risk and on the im por tant re duc tion in HNC risk ob served in for mer
smok ers who quit 10 or 15 years ago. Both re sults strongly sup port an
even wider dif fu sion of pub lic in ter ven tions to en cour age smok ers to
quit and help them suc ceed.
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and Cran io fa cial Re search (NIDCR) at the Na tional In sti tutes of Health
(NIH) [grant num ber R03DE016611 for the IN HANCE Pooled Data Pro
ject, grant num bers R01DE011979, R01DE013110 for the Iowa study,
no grant num ber pro vided for the In tra mural Pro gram sup port ing the
Puerto Rico study]; Ital ian As so ci a tion for Re search on Can cer (AIRC)
[no grant num ber pro vided for the Mi lan (1984-1989) study, for the
Aviano study, for the Italy Mul ti cen ter study and for the Rome study,
grant num ber 10068 for the Mi lan study (2006-2009)]; Ital ian League
against Can cer [no grant num ber pro vided for the Aviano and Italy
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Fig. 4. Odds ra tio  of oral and pha ryn geal can cer and la ryn geal can cer in for mer smok ers who quit 10 years ago, for the joint ef fect of in ten sity (cig a rettes/ day) and du
ra tion (years) of cig a rette smok ing es ti mated through bi vari ate spline mod els. IN HANCE con sor tium. Fit ted mod els in cluded ad just ment for age, sex, race, study, ed u ca tion,
drink ing sta tus, drink ing in ten sity, and drink ing du ra tion. The ref er ence cat e gory was de fined as Never smok ers . On the grid, the black thicker line rep re sents the knot lo ca tion: 27
cig a rettes/ day for la ryn geal can cer. Dark grey lines in con tour plots in di cate iso-risk curves at de fined lev els of risk.

Mul ti cen ter stud ies]; Ital ian Min istry of Re search [no grant num ber
pro vided for the Aviano and Italy Mul ti cen ter stud ies]; the Swiss Re
search against can cer/ On co su isse [grant num bers KFS-700, OCS-1633
for the Swiss study]; World Can cer Re search Fund [no grant num ber
pro vided for the Cen tral Eu rope study]; Eu ro pean Com mis sion [grant
num ber IC18-CT97-0222 (INCO-DC Pro gram) for the Latin Amer ica
study, grant num ber IC15-CT98-0332 (INCO-COPER NI CUS Pro gram)
for the Cen tral Eu rope study]; Vet er ans Af fairs Merit Re view Funds [no
grant num ber pro vided for the Iowa study]; Na tional In sti tute of En vi
ron men tal Health Sci ences (NIEHS) [grant num ber P30ES010126 for
the North Car olina (1994-1997) study, grant num ber P30ES010126 for
the North Car olina (2002-2006) study]; Alper Re search Pro gram for
En vi ron men tal Ge nomics of the UCLA Jon s son Com pre hen sive Can cer
Cen ter [no grant num ber pro vided for the Los An ge les study]; Fondo
para la In ves ti ga cion Ci en tifica y Tec no log ica Ar gentina (FON CYT) [no
grant num ber pro vided for the Latin Amer ica study]; In sti tut Hos pi tal
del Mar d In ves ti ga cions Mediquès (IMIM) [no grant num ber pro vided
for the Latin Amer ica study]; Fundação de Am paro à Pesquisa no Es
tado de São Paulo (FAPESP) [grant num ber 01/ 01768-2 for the Latin
Amer ica study, grant num bers GEN CAPO 04/ 12054-9, 10/ 51168-0 for

the Sao Paulo study]; Fondo de In ves ti ga ciones San i tarias (FIS) of the
Span ish Gov ern ment [grant num ber FIS 97/ 0024, FIS 97/ 0662, BAE
01/ 5013 for the In ter na tional Mul ti cen ter study]; In ter na tional Union
Against Can cer (UICC) [no grant num ber pro vided for the In ter na tional
Mul ti cen ter study]; Ya m agiwa-Yoshida Memo r ial In ter na tional Can cer
Study Grant [no grant num ber pro vided for the In ter na tional Mul ti cen
ter study]; Eu ro pean Com mu nity (5th Frame work Pro gramme) [grant
num ber QLK1-CT-2001-00182 for the West ern Eu rope study]; Min istry
of Sci ence, Re search and Arts Baden-Wurt tem berg [no grant num ber
pro vided for the Ger many-Saar land study]; Ger man Min istry of Ed u ca
tion and Re search [grant num ber 01 GB9702/ 3 for the Ger many-Hei
del berg study]; Sci en tific Re search grant from the Min istry of Ed u ca
tion, Sci ence, Sports, Cul ture and Tech nol ogy of Japan [grant num ber
17015052 for the Japan (2001-2005) study]; Third-Term Com pre hen
sive 10-Year Strat egy for Can cer Con trol from the Min istry of Health,
La bor and Wel fare of Japan [grant num ber H20-002 for the Japan
(2001-2005) study]; Johns Hop kins Richard Gelb Can cer Pre ven tion
Award [no grant num ber pro vided for the HOTSPOT study]; Ital ian
Foun da tion for Can cer Re search (FIRC) [no grant num ber pro vided for
the Mi lan study (2006-2009)]; Ital ian Min istry of Ed u ca tion - PRIN
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2009 Pro gram [grant num ber X8Y CBN for the Mi lan study (2006-
2009)]; VE was sup ported by Uni ver sità degli Studi di Mi lano Young
In ves ti ga tor Grant Pro gram 2017 .

Appendix A. Supplementary material

Sup ple men tary data to this ar ti cle can be found on line at https: //
doi. org/ 10. 1016/ j. oraloncology. 2019. 05. 006.
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