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Assessing the Likelihood and Magnitude of a Population 
Health Benefit Following the Market Introduction of a 
Modified-Risk Tobacco Product: Enhancements to the 
Dynamic Population Modeler, DPM(+l) 

Annette M. Bachand,"· Sandra I. Sulsky,' and Geoffrey M. Curtin' 

1. INTRODUCTION 

Researchers and those responsible for evaluating and implementing policies intended to re
duce population harm m Uf; t af.;zezz the potential for both intended and unintended COnE;e 
quences associa ted with those policies. Such assessments should be based on the combined 
dimensions of magnitude, and thus likelihood, of shifts in exposure patterns needed to pro
duce a population benefit or harm , and magnitude of the expected population benefit or 
harm. In response to this assessment need, we provide a conceptual description of the dy
namic populat ion modeler, DPM( + 1), as well as illustra tive analyses tha t estimate the effects 
on all -cause mortality, li fe expectancy, and quality of li fe-adjusted li fe expectancy if expo
sllre patterns in the population shift from a highe r risk product (e .g. , cigare ttes) to a lowe r, or 
modified, risk tobacco product (MRTP) in specified ways. Estimates from these analyses indi
cate that , within a single birth cohort, switching comple tely from cigaret te smoking to MRTP 
use is more likely to lead to a population-level survival benefit than initiating tobacco use 
wIt h an MKTP IIlstead 01 cIgarettes. ThIs IS because tobacco IIlltJatlOn rarely occurs beyond 
young adulthood, whereas continuing smokers exist in all subsequent age categories, leading 
to a greater cumulative effect. In addition, complete switching to MRTP use among a small 
proportion of smokers in each age category offsets the survival deficit caused by unintended 
shifts in exposure patterns, such as MRTP initiation among never tobacco users followed by 
transitioning to cigarette smoking and/or cigarette smokers switching to MRTP use instead 
of quitting. 
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ron~p-pt ll ~ ll y , thp. .' ll r.r.p."" or fPti lil rp. of ;::} rllhli ~ 

health policy intended to reduce populat ion harm 
can be determined by measuring changes in popu
lation morbidity and mortal ity. While red uctions in 
these measures are expected and hoped for, uni n
tended conseq uences that result in harmful exposure 

patterns can also occur. It is the responsibi lity of 
policymakers makers to consider both the intended, 
benehcla l consequences and the potentIal tor unIn
tended, harmful consequences of proposed policies, 
and to assess the likelihood and magn itude of both. 

T he decision to pursue a policy ca n be aided by 
the use of statistical models that est imate changes 
in populatio n morbidity and mortality that might 
rp-.' lIlt from .'rp-~ifiNi ~h ;::} n gp." in p. xpo,," rp. pMt p. rn .' 

If properly constructed, statistical models can be 
used to estimate the proportion of the population 
that must engage in a beneficial exposure shift to 
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counterbalance any harms that might unintentionally 
result after implementing the policy being consid
e red, or vice versa. Such analyses can provide insights 
into the magnitude of behavior changes tha t must oc
cur in order to result in either benefit or harm to a 
population , and allow researchers and policymakers 
to rank the likelihood, and thus the importance for 
prevention, of various unintended consequences. 

T he dynamic population modele r, DPM(+1),3 
t;;st illl a l ~S tIll;;; difft: I t;; II Ct;; ill populalioll-kvd S UI vival 
between a counterfactual scenario that a llows the use 
of a higher risk product and/or a lower risk prod
uct, and a base case that o nly allows the use of the 
higher risk product.(I) Survival estimates can be used 
to calculate other indicators of population health, 
including life expectancy (LE), disease-specific mor
tality, and morbidity surrogates such as quality of 
life-adjusted li fe expectancy (QALE).(2.3) Estimating 
differences in these measures under different expo
sure scenarios may. in turn, be used to assess the po
tenti al effects of a harm red uctio n policy. 

Application of the DPM(+l) to examples rele
vant to tobacco control stems f rom the regulatory 
landscape th at emerged with passage of the Fam
ily Smoking Prevention and Tobacco Control Act 
(FSPTCA) in 2009. (4) The Act assigned the respon
sibility of regulat ing the tobacco industry to the U.S. 
Food and Drug Administrati on (FDA). The Act 
specifi ed that FDA shall issue a risk modification or
der if an applicant has demonstrated that a tobacco 
product will significantly reduce harm and the risk 
of tobacco-re lated disease to individual users, and 
is likely to benefit the health of the popul at ion as a 
whole. (5) 

Two intended, beneficial conseq uences of 
widespread modified-risk tobacco product (MRTP) 
avai lability are swi tching to MRTP use by some 
current cigarette smokers who othe rwise would have 
continued to smo ke ( i.e ., "pro duct switching") and 
initiati on of tobacco use with the MRTP instead of 
cigarettes by some never tobacco users who would 
have initi ated cigare tte smok ing (i.e., "alternative 
initiation "). Which beneficial transition is more 
like ly to lead to a population-leve l survival benefi t 
is a policy-relevant questio n that the DPM(+I) was 
designed to address. 

3J)PM( + I) ;ndicnles lhal nne prodllct is. added in the cOllnl c rfrlc
tual scenario. A second version of the DPM exists, where one 
product is removed in the countcrfactual scenario (D PM(- l» . 
Versions adding more than one product in thecounterfact ual sce
na ri o may be developed in the fu ture (e.s .. DPM(+ 2» . 

Bachand, Sulsky, and Curtin 

Unintended, harmful consequences of 
widespread MRTP avai lability may include 1111 -

tiation o f M RTP use by some never tobacco users 
who otherwise would have remained never tobacco 
users (i.e., '"additional initiation"); transitioning to 
cigarette smoking afte r initiation of tobacco use 
with the M RTP by some who would have remained 
never tobacco users (i.e ., "gateway effect" ); and, 
switching to MRTP use by some current cigarette 
SIIIOkt;;1 S who o lh t;; 1 wist;; wouhJ ltavt;; qui1 SllIOkillg 

(i.e., "diversion from quitting"). The DPM(+l) 
can be used to examine the magnitude, and thus 
likelihood, of be nefic ial consequences required to 
offset the potenti al for population-level survival 
defi cits associated with ha rmful consequences of 
increased MRTP avai lability. 

2. METHODS 

2.1. Overview of the DPM( + 1) 

T ill:: DPM( +1) all vws fUI agt:-s)Jn:jfil,; dlallgt:s, VI 

transit ions, in tobacco use at age inte rvals of identi
ca l widths throughout the durat ion of follow-up; bo th 
are specified by the analyst. As a first step, a hy
pothetical po pulation of individuals who have never 
used tobacco is defined and initialized to a constant 
age. Transitio n probabiliti es defin e the exposure pat
te rns to be compared in til e base case and counter
factual scena ri os, where only one tobacco product is 
available for use in the base case and one new prod
uct (i.e., an MRTP) is added in the counterfactual 
scenario (Fig. 1). 

In the base case, never tobacco users can re
lua ill lIevel users 0 1 th ey call begi ll ciga re tte sllIok

ing; and, cigarette smokers can continue to smoke or 
they can qui t and then relapse to smoking (Fig. 1, top 
row). Smoking initiatio n, cessation, and re lapse rates 
are specified by the analyst according to e ithe r com
pletely hypothetical rates or actual populat ion rates. 
The identified rates are entered as eithe r fixed proba
bilities or as probabilities with some degree of uncer
tainty (e.g., as random probabiliti es from a normal 
distribution, truncated at 0 and 1, with the point esti
mate of the probability as the mean and an analyst
specified vari ance). The probabi lity of transitioning 
to any exposure pattern that is not of interest ca n be 
st: 11v Lt;; IV. MUI1alily is l,;akula l t;;u fUl t;;adl agt;; i llt!::l

val of fo llow-up by a Poisson model, which defines 
mortality ra tes by age, duration of exposure , and 
duration o f exposure cessat ion among current and 
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Fig. 1. Schemati c representation of the di stributi on of persons into exposure categori es by the O PM( + t); transitions for base case (top row) 
and counterfactual scena rio (all rows); curved arrows represent remaining in the same exposure slat e. 

former cigarette smokers compared to never smok
ers. Survivors of each age interval move to the next 
age interval , where they ca n rem ain in their cu rrent 
exposure category or transition to a different cat
egory. The DPM(+l) provides the number of sur
vivors re m aining in the popula tio n at the e nd of each 
age interval. 

The counterfactual scenario assumes that an ad
rlitinn ::l l t nh~ccn prnnllcl (Le., ::In MRTP) is ::lV::l il ::l hle 
for the population to use (Fig. 1, all rows). Mortality 
rates for current and former cigarette smokers 
are calcul ated using a Poisson model as described 
above, and are reduced based on excess relat ive 
risks (ER Rs) to estim ate morta lity risks for current 
and former M RTP users. The ERRs compare excess 
mortality among current and former MRTP users to 
current and former cigarette smokers, respectively, 
and are entered as fixed values (when comparing 
cigarettes to nn MRTP with fl particular, hypothe
sized risk profile) or as values with some degree of 
uncertainty (when a population estimate from the 
li terature is used). The la tter a re gene rated using 

a left- truncated normal distribution, with the point 
estimate of the ERR as the mean and the variance 
specified by the analyst. As in the base case, survivors 
at the end of each age interval move to the next age 
interval, during which time they ca n remain in their 
curre nt exposure category o r transition to a differe nt 
category. Tobacco initi ation, switching, cessation, 
and relapse rates are specified by the analyst, may 
h p- hYrot het i c~ 1 o r ha se rl on actna l po pilla tion r::ll es, 

and may be either fi xed values or values that reflect 
some degree of uncertainty. At the end of each age 
category, the model provides the number of sur
vivors remaining in the population and compares the 
numbers of survivors in the counterfactual scenario 
versus the base case. 

The coefficients of the Poisson model that are 
used to define mortality rates are estimated using 
a multidimensional Bayesian approach; uncertainty 
is incorporated using Markov chain Monte Carlo 
techniques. The prior distribution of each model 
coefficient is noninformati ve normal, with mean 0 
and standa rd deviation 100. To guarantee that the 
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Markov chains converge, 10,000 sets of model co
effi cients are generated after a burn -i n of 2,000 it
erations. For the base case and counterfactual sce
nario, survivors are estimated as described above for 
each set of Poisson model coeffi cients (i.e., for each 
iteration) , and means wit h 9S% posteri or intervals 
(9S% PI) are reported. The DPM(+'I) is executed in 
the R language. (6) 

Although of great importance and interest, mor
lJitlity j::, It;::,::, t;;as ily III t:aSUlt;U t h elll IlIvllality. Be
cause there is no standard defini tion of morbidity, 
there are no methods for effectively measuring or 
tracki ng changes in this o utput measure. QALE ap
proximates population morbidity and is estimated by 
multIplyIng LE, calculated according to actuarial 
pri nciples. by a factor that accounts for disability. ill
ness, or both. (2.3.7- 9) We used age-category-specific 
EuroQol EQ-SD scores from the Medical Expendi
ture Pa nel Survey (MEPS) as the adjustment fac
tor and estimated QALE for those surviving to the 
end of th e first age category.(lO) The EQ-S D score 
is an index score refl ecting a pe rson's hea lth status 
based on a brief, standardized questio nnaire.(11) Age
category-specific EQ-SD scores from MEPS were 
adj usted to match the age categories used in the 
DPM( + 1), as shown in Tabte I. 

2.2. Application of the DPM(+l) 

The cu rrent illustrative analyses demonstrate the 
abi lit y of the DPM(+l ) to address policy ques
tions relevant to public hea lth and tobacco harm re
duction. Specifica lly, we explored which benefi cial 
transi tion within a single birth cohort, i.e., product 
switching or altern ative initia tion (as defi ned above), 
is IIIVII,;; likdy to lead to a lilealli ll g ful sUi vivaJ ut:Jltdit 
for th at cohort. Addit ionally, we used the DPM( + 1) 
to estimate ti pping points, defin ed as the percent
age increase in one or mo re beneficial transitions 

required to offset one or more unintended harm
ful tobacco use behavior(s), including additi~na l ini
ti ation. gateway effect, and diversion from quitting. 
Tipping poi nts were determined based on a point es
timate of 0 (no difference) for the number of sur
vivors in the counterfactual scena rio compared to the 
base case. 

For the ill ustrative analyses, a hypothetical pop
ulation of 1 million 12-year-old never tobacco users 
was full uwt:u CIUIl I age: 13 yt:a l ::', ill ri vl,;;-yca l iliLtl vab, 
through age 102 years, when the number of survivors 
is approximately 0 in both the base case and coun
terfactual sce nari o. Age-specific mortality ra tes for 
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Table I. Est imated EQ·5D Va lues Based on Data from the 
Medical Expe nditure Panel Survey (ME PS) 

A gc Intcrva l EQ-5D 

13- 17 0.8505 
18-22 0.8505 
23- 27 0.8333 
28-32 0.8219 
33-37 0.8 150 
38-42 0.8t04 
43-47 O.79j7 
48-52 0.7859 
53-57 0.7811 
58-62 0.7779 
03-67 U.757Y 
68-72 0.7445 
73-77 0.7013 
78-82 0.6725 
83-87 0.6725 
88-92 0.6725 

Not.e~· : M E~S provides EO-5 0 va lues for seven-year age ca te
gones, startmg at age 18 years, with an open-ended fina l age ca te
gory. The EQ-50 va lu e from MEPS age ca tegory 18-24 years was 
used for OPM (+ l) age intervals 13- 17 and 18-22 years, and th e 
value from MEPS age ca tegory 75+ years was used for OPM(+ I) 
age ca tegories 78-82 years and above. For all other D PM(+ l) age 
in tervals, the EQ·50 va lue was calculated as the weigh ted average 
of th e M EPS EO-50 val ues for th e adjacent age categories.( IO) 

never, current, and former smokers were calculated 
from the Kaiser-Permanente Cohort Study data(12) 
and the 2000 U.S. Census.(13)4 Resutts comparing the 
number of survivors in the counterfactual scenario 
and base case are presented for the cohort at age 
72 years; results after age 72 years are increasingly 
uninformative, as the num ber of survivors in both 
the counterfactual scenari o and base case approaches 
zero. 

The base case specifies transiti on probabiliti es 
based on 2009 U.S. cigarette smoking initi ation 
rates(l4) and 200S- 2008 smoking cessation rates(l5) 
(Table II ). More current estimates have been pub
lished, but they incl ude as former smokers individu
als who quit smoking Jess than one year in the past. 
This definiti on is incompatible with the mortality 
data for successful smok ing quitters (i.e., those who 
were former smoke rs for at least two years) fro m the 
Kaiser Permanente Cohort St udy. T herefore, the 
DPM(+l ) was ca li brated using the 200S- 2008 U.S. 
cessa tion rates, which define cessa tion as lasting at 
least one year. Uncertainty in in it iation and cessation 
rates was accounted for by model ing the transition 

4Calculations available from the authorG. 
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Table II . Estimated U.S. Smoking Initiation (2009) and 
Cessa tion (2005-2008) Rat es 

Five- Yeti. Five- Yea . 

Smoking Init iation Smoking Cessation 
Age Interval (%P (%)a 

13- 17 13.75 N/ A b 

18-22 10.00 9.00 
23- 27 1.00 9.50 
28-32 0.00 14.00 
33- 37 0.00 14.00 

38-42 0.00 14.00 
43-47 0.00 14.00 
48- 52 0.00 14.00 
53- 57 0.00 14.00 

58+ 0.00 14.00 

II Published annua l smoking initiation and cessa tion rates were 
adjusted to align with the five-year age categories used in the 
D PM (+ l). Va lues were the n multipli ed by 2.5 to estimate rates 
over a fi ve-year period, a conservative esti mate of the average 
person- lime at risk of smoki ng ini tiat ion or cessation in each five
year age category. 
bNo smoki ng cessation allowed in age interval 13- 17 yea rs, as 
smoking durat ion among quitters in this age in terva l would only 
be 2.5 years (on avcracc). 

probabiliti es as truncated normal random vari ables 
with means equal to the respective estimates and 
standard deviations equal to am . An ERR of 0.08, 
used for these illustra tive analyses, was based on a 
consensus estimate fo r the morta lity risk associa ted 
with long-term use of a low-nitrosamine smokeless 
tobacco product relati ve to conventional cigarettes. 
Th e value of the consensus es tim ate (adjusted 
mean; smokeless tobacco use compared to cigarette 
smoking) was 11.0 for those age 35-49 and 8.2 for 
those age 50+ years, based on a lOa-point scale.(l6) 
Uncertainty in th e value of the E RR was accounted 
for by modeling the ERR as a left-truncated norm al 
random vari able with a mean of 0.08 and a standard 
deviallon of 0.01 ; the standard dev,allon ensured a 
range for the ERR of approximately 0.05-D. l l. 

3. RESULTS 

3.1. Product Switching: Smokers Completely 
Switching to MRTP Use Instead of Continuing 
to Smoke 

To explore this benefi cial exposure patte rn , the 
proporti on of current smokers who would have con
tinued to smoke cigarettes in til e base case but 
switched completely to and continued to use an 
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MRTP in the counterfactual scenario was increased 
to 2%, 4%, 6%, 8%, or 10%; MRTP cessa tion ra tes 
were suspended (i.e., no MRTP cessation) in ord er 
to defin e a worst-case scenario. Product switching 
started in the second age category (ages 18-22 years) 
and could occur throughout the rest of the follow-up 
period, thereby affecting all current smokers. 

In the counterfactual scenari o, where 2% of cur
rent smokers who woul d have continued to smoke 
ills tt;;ad switc1 lt;;d cOlll pkt t;; ly to a lld tll t;;11 cOll ti ll ut;;d to 
use an MRTP, there was a statistically significant sur
vival benefit of 3,127 additional survivors (95% PI; 
2,751-3,508) compared to the base case a t the e nd of 
age category 68- 72, a O. lO-year increase in LE at age 
18 yea rs, and a 0.07-year increase in Q A LE at age 
18 years (Table III). The difference in the number of 
survivors comparing the counterfactu al scenario to 
the base case increased with increasing proportions 
of smokers switching completely to an MRTP instead 
of continuing to smoke. 

3.2. Alternative Initiation: MRTP Initiation among 
Those Who Would Have Initiated Smoking 

For the second benefi cial exposure pattern, 5%, 
10%,20%, o r SO% o f those who would have initia ted 
ciga rette smoking in the base case instead initiated 
and then continued to use an M RTP in the counter
factual scenari o; MRTP cessati on rates were again 
suspended. Based on U.S. population ra tes (Table 
II ), cigarette initiation among never tobacco users 
occurs in the fi rst th ree age categories, i.e., from age 
13 to 27 years. Thus, fo r this analysis, MRTP initi a
tion among never tobacco users who would have re
mained never tobacco users in the base case was also 
a llowed to occur fr o lll ages 13 to 27 yeal s. 

In the counterfactual scenari o with 5% alterna
tive initi ation, there was a statistica lly significant sur
vival benefi t of 909 additional survivors (95% P I: 
777- 1,047) and a O.03-year increase in LE at age 18 
yea rs (0.02 years after adjusting for quality of life), 
compared to the base case (Tabl e III ). The benefit 
at the population level grew with increasing propor
tions of alternative initi ation among never tobacco 
users, i.e., MRTP use by those who would othe r
wise have initiated cigarette smoking. If, for exam
ple, 10% of those who would have initi ated cigarette 
smoking instead initiated and then continued to use 
a ll MRT P, 1Iu: II.::: wu ulu Ut;; a ll t;;s1illla 1c;u 1,818 a u
ditional survivors (95% PI; 1,554-2,093) at the end 
of age category 68- 72 years (counterfactual scenario 
compared to th e base case), a O.OS-year increase in 
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Table III. Smokers Swi tching Completely to MRT P Use Instead of Contin uing to Smoke (Product Switchin g)U 

Diffe rence in 
C UI ' Cllt S lI lOkc I S W ho SUI v ivo! s a t A~c Di ffc lCIiCC ill LE at D iffc lCIlCC ill QA L E 

Switch to MRTP Use (%) 68--72 Years 95% PI Age 18 Yearsb a t Age 18 Yearsb 

2 3,127 2,751 3,508 0.10 0.07 
4 .3,989 5,270 G,720 0.20 0. 14 

6 8,610 7,574 9,660 0.28 0.20 
8 11,0 11 9,685 12,354 0.36 0.26 

10 13,213 11 ,619 14,827 0.43 0.3 1 

USwitchi ng from cigarett es 10 M RT P can occur in all age categories (except for the first age category) and can affect all current smokers. 
bLife expectancy ( LE) at age 18 years and qu ality of life-adjusted life expectancy (OALE) at age 18 years based on follow-up th ro ugh age 
102 yea rs. 
Noteli': Differences between counterfactu al scenario and base case for "numbe r of survivors in age inte rva l 68--72 years," "LE at age 
18 yea rs," and "OALE at age 18 years." 

Tllble IV. MRTP Ini tia tion among Those Who Would Have Ini tiated Smoking (Alterna tive Initi ation)3 

Neve r UsorD Wh o In itia te 

MRTP Use Instead of 
Cigarett es (%) 

s 
10 
20 
50 

Difforonce in 

Survivors at Age 
68--72 Years 

909 
1,818 
3,636 
9,089 

777 

1,554 
3, 108 
7,770 

Difference in LE at Difference in OA LE 
95% PI Age '18 Yearsb at Age 18 Yearsb 

1,047 0.03 0.02 
2,093 0.05 0.04 
4,186 0.10 0.08 
10,466 0.25 0.19 

3Smoki ng and MRTP init iation can occur in the fi rst three age categories (ages 13- 17, 18--22, and 23- 27 years). 
bLife expectancy (LE) and quali ty of li fe-adjusted life expectancy (OALE) at age 18 yea rs based on foll ow-up through age 102 yea rs. 
NOles: Differences between counterfactual scenario and base case for "num ber of survivors in age in terval 68--72 years," " LE at age 
18 yea rs," and "QALE at age 18 years:' 

LE at age 18 years, and a O.04-year increase in QALE 
at age 1 ~ years Crabl e IV), Thus, wlthm a smgle birth 
cohort, alternative initiati on among those who would 
have initi ated cigarette smoking was less likely to 
lead to a popul a tio n be nefit th an compl e te product 
switching among those who would have continued 
to smoke cigarettes. For example, a survival bene
fi t of ....... 9,000 additional s llrvivors resulted from 50 % 
of base case smoking initiators in stead ini tiating and 
continuing to use an MRTP (Table IV). To achieve a 
similar survi val benefit , - 6% of base case continuing 
ciga rette smokers would have to switch compl etely to 
and continue to use an MRTP in the counterfactual 
scenario (Table III ). 

3,3. Tipping Point: Additional Initiation Versus 
Increased Product Switching 

Based on U.S. population rates (Table II), 
cigarette in iti ation among never tobacco users occurs 
in the first three age categories, i.e ., fro m age 13 to 

27 years. Thus, for this tipping point analysis of harm
fu l and benehcJa I exposure patterns, M RTP Imita
ti on among never tobacco users who would have re
mained never tobacco users in the base case was also 
a llowed to occur fro m ages 13 to 27 yea rs. T o rep
resent an extreme scenario, MRTP initiati on rates 
in the counterfactual scenari o were set to 50% of 
the U. S. smoking init ia tion ra tes a pplied in the base 
case (Table II), and MRTP cessation was suspended. 
In addition, complete switching from ciga rettes to 
MRTP use a mong smokers who woul d have contin
ued to smoke in the base case was increased to 2% , 
4%,6%, 8%, or 10% in the counterfactual scenari o; 
switching co uld occur beginning in the second age 
ca tegory (ages 1 ~-22 years) and continued through 
the end of the follow-up period, affecti ng all curre nt 
smokers. 

Note that in the absence of any gateway ef
fect, MRTP initi ation among base case never tobacco 
users in a particul ar age category reduces the pool of 
those. ava ilab le to initia te to bacco use. with cigare ttes 
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Fig.2. Graphica l representat ion of lipping po int ana lyses; differences between counterfaclual scenario and base case in number of survivors 
through fo llow-u p. 

in the next age category. Therefore, in the scenar
ios described here, the harmful effect of M RTP ini
tiation among base case never tobacco users was 
slightly offset by the beneficial effect of a concur
rent decrease in the number of smokers in the popu
lation. Specifically, starting in the third age category 
and throughout follow-up, the number of current and 
former smokers was - 3% higher in th e base case 
compared to the counterfactual scenario (data not 
shown). 

With MRTP initiation among base case never 
tobacco users set to 50% of U.S. smoki ng initi
ation rates, there would be an estimated ·1,969 
fewer survivors (95% PI: - 2,155 to - 1,772) in the 
counterfactual scenario compared to the base case 
at the end of age category 68-72 years, a O.07-year 
decrease in LE al age 18 years, and a O.05-year 
red uction in GA LE at age 18. For a concurrent 
- 1.3% increase in the proportion of current smokers 
who switched completely to MRTP use instead of 
continuing to smoke, the decrease in survivors due 

to increased MRTP initiation would be completely 
offset. A s a result , the point estimate for the dif
ference in the number of survivors belween the 
counterfactual scenario and the base case would be 0 
(Fig. 2a). as would lhe difference in LE and GALE 
at age 18 years. If there was a concurrent - 1.6% 
increase in the proportion of current smokers 
who switched completely 10 M RTP use inslead of 
continuing to smoke, there would be a statistically 
sign ificant survival benefil in the counlerfaclual 
scenario compared to the base case (Fig. 2a). 

3.4. Tipping Point: Additional Initiation and 
Gateway Effect Versus Increased 
Product Switching 

Similar to the previous tipping point analysis, 
l.:igal~Ll~ illiLi at iulI alllJ MRTP illitiatiull UI.:l:UI I I:U 

in the first three age categories, i.e., from ages 13 
to 27 years. MRTP initialion rales in til e coun
terfactual scenario were set to 50% of the U.S. 
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smoking initi ation rates applied in the base case 
(Table II), and MRTP cessation was suspended. To 
exa mine a gateway effect, 20% of MRTP initia
tors switched to cigarette smoking in the age cat
egory following MRTP initiat ion, i.e. , in age cate
gories 18-22, 23-27, and 28-32 years. As a point of 
reference, about 20% of smoking experimenters re
portedly transition to regular smoking.(l 7) Product 
switching from cigarette to MRTP use among smok
t;; I S wllo wouh.l han; COlltillUt::d to Slll o k t;; ill till;;; bast:: 
case was increased to 2%, 4%, 6%, 8%, or 10% in 
the counterfactual scenari o, starting in the second 
age category (ages 18-22 years) and continuing un
til the end of follow-up. 

Absent the benefits of product switching, there 
were an estimated 3,318 fewer survi vors (95% PI: -
3,530 to - 3,100) in the counterfactual scenario com
pared with the base case at the e nd of age category 
68- 72, a O.IO-year reduction in LE at age 18 years, 
and a 0.07-year reduction in QALE at age 18 years. 
A concurrent - 2.2% increase in product switching 
(i.e., the proportion of current smokers who switched 
completely to MRTP use instead of conti nuing to 
smoke) would completely offset the decrease in sur
vivors due to additional initiation combined with a 
gateway effect. As a result , the point estimate for the 
difference in the number of survivors between th e 
counterfactual scenario and the base case would be 
o (Fig. 2b), as would the difference in LE and QALE 
at age 18. If there was a concurre nt - 2.7% increase 
in the proportion of current smokers who switched 
completely to MRTP use instead of continuing to 
smoke, there would be a statisticall y significant sur
vival benefit in the counterfactual scenario compared 
to the base case (Fig. 2b). 

3.5. Tipping Point: Diversion from Quitting Versus 
Increased Product Switching 

For this tipping point analysis, smoking cessation 
was set to 50% of levels specified in the base case to 
represent an extreme scenario (i.e., half of those who 
would have quit smoking in the base case instead 
transition to MRTP use; Table II ), and MRTP 
cessation rates were suspended. Complete switching 
from cigarette to MRTP use among smokers who 
would have continued to smoke in the base case 
was iIlCIt::ast::u tv 2%, 4% , G% , 8%, VI 10% ill 

the counterfactual scenario, starting in the second 
age category (ages 18- 22 years) and conti nuing 
thro ughout the follow-up period. 
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Based on estimated differences in survi vors for 
the counterfactual scenario compared to the base 
case, if 50% of those current smokers who would 
have quit smoking (and hence all tobacco use) in the 
base case instead switch to MRTP use, there woul d 
be an estim ated 1,477 fewer survivors (95% PI: -
1,655 to - 1,303) at the end of age category 68- 72, a 
0.05-year reduction in LE at age 18 years, and a 0.04-
year reducti on in QALE at age 18 years. A concur
Jt::lll - 0.9% iIlCI t;;aSt;; ill PIOduCl sw itchillg (i.t::. , tilt:: 

proportion of current smokers who switched com
pletely to M RTP use instead of continuing to smoke) 
would completely offset the decrease in survivors due 
to diversion from quitting. As a result , the poi nt es
timate for the difference in the number of survivors 
would be 0 (Fig. 2c), as would the difference in LE 
and QALE at age 18. If there was a concurre nt 
- 1.1 % increase in the proportion of current smok
ers who switched completely to MRTP use instead 
of continuing to smoke, there would be a statistically 
significant survival benefit in the counterfactua l sce
nario compared to the base case (Fig. 2c) . 

3.6. Tipping Point: Additional Initiation, Gateway 
Effect, and Diversion from Quitting Versus 
Increased Product Switching 

To assess the "net" impact on population health 
for the combin ed harmful tobacco exposure patterns, 
MRTP initia tion rates in the counterfactual scenario 
were set to 50% of the U.S. smok ing initiation rates 
applied in the base case (as previously described); 
20% of MRTP initiators were allowed to transition 
to cigarette smoking in the next age interval (as pre
viously described); and 50% of those smokers who 
would "ave quit cigal e tles (a lld thus a ll tobacco use) 
in the base case instead switched to and then contin
ued to use an MRTP in the counterfactual scenario 
(as previously d escribed ). For the beneficial expos ure 
pattern , complete switching from cigarette smoking 
to MRTP use among smokers who would have con
tinued to smoke in the base case was increased to 2% , 
4%, 6%, 8% , or 10% in the counterfactual scenario, 
starting in the second age category (ages 18- 22 years) 
and continuing throughout the follow-up period. 

Based on estimated differences in survivors for 
the counterfactual scenario compared to the base 
case, increasing the proportion of MRTP initiators 
dllll lliell ll l:lWs iliullillg 20'% vf MRTP illili atUl s lv 

cigarette smok ing in the next age category, combined 
with decreasi ng til e proportion of cigarette quitte rs 
by 50% , would result in an est im ated 4,756 fewer sur-
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vivors (PI : -4,9 13 to -4,590) at the end of age cat
egory 68- 72, a O.IS-year reduction in LE at age 18 
years. and a O. II-year reduction in QALE at age 
18 years. A concurrent -3.2 % increase in prod uct 
switching (i.e., the proportion of current smokers 
who completely switched to MRTP use instead of 
contin uing to smoke) wou ld co mpletely offset the 
decrease in survivors due to additional initiation 
combined wi th a gateway effect and diversion from 
quittillg. As a I t;;S U It , th t: poi ll t t;;stilll att;; fOi til t;; 

difference in the number of survivors would be 0 
(Fig. 2d), as would the difference in LE and QALE 
at age 18 years. If the re was a concu rrent ......, 3 .7% 
increase in the proporti on of current smokers who 
switched completely to MRTP use instead of contin
uing to smok e. there would be a sta ti stically signif
icant survival benefit in the counterfactual scenario 
compared to the base case (Fig. 2d). 

4. DISCUSSION 

The current illustrative analyses assessed which 
uf till:: ill Lt:11Ut:Ll , u t: ll t: fid ai t:X. pUS UI t: llaltellls, i. t: ., 
product switching or alternative initi at ion, would be 
more likely to lead to a population benefit. Addition
ally, we conducted tipping point analyses to exam
ine the magnitude, and thus like lihood , of product 
swi tching req ui red to offset the popula ti on harm that 
may be associated with unintend ed consequences of 
widespread MRTP avai labi lity, indi vidually and in 
combination. 

Applying our selected input values to a single 
birth cohort, we found th at product switching, i.e., 
complete swi tching from cigarette smoking to the 
use of a lower risk product, was more li kely than 
a ite illa live illitiatio ll to lead 10 a popuiatioll ue ll t 
fit. We also found that a small proportion of smok
ers in each age category completely switching to an 
MRTP that presents substanti a lly lower mortality 
risk than cigarette smoking would offset the pop
ulation harm caused by unintended changes in to
bacco use behaviors th at may be associated with 
widespread availabi lity of an MRTP, e.g., additional 
initi ation followed by ga teway effect or diversion 
from quitting. There are two reasons for this find
ing. First, switching to a lower risk product can oc
cur throughout foll ow-up, because continuing smok
ers ex ist in a ll age categories. In contrast, population 
ua ta im.l il:att: tlla t iuiti a tiu ll uf luLnu;\.:u USt:- ill!-,i:l 1 Li\.:
ular, with cigarettes- predominantly occurs prior to 
age 23 years. Add itiona lly, because we operational
ized the harmful exposure patte rn , ga teway effect, 

159 

as a proportion of those who initiated tobacco use 
with an MRTP transitioning to cigare tte smoking in 
the next age category, this transition only operates 
during age categories 18- 22, 23- 27, and 28-32 yea rs. 
Second , as previously noted, smoking initi ation rates 
are applied to all nonsmokers in an age category, but 
the population avail able to init iate tobacco use with 
cigarettes is slightly smaller in th e counterfactual sce
nario th an in the base case. This is because some 
baSt;; caSt;; IIOIISIIIOkt;; IS illitiatt;; tobacco USt;; with a ll 
MRTP in the counterfactual scenario, leaving the m 
e ligible to switch to cigarettes but not to initi ate to
bacco use w ith c iga rettes. T hus, the harmful effect 
of MRTP initiation among base case never tobacco 
users is slightly offset. 

The current analyses demonstra te the capabili
ties of a fl exible tool, the DPM(+ I), to estimate the 
effects on all-cause mortality, LE, and QALE that 
might be associated with different patte rns of e x
posure as a population shifts from higher to lower 
risk products in speci fi ed ways. We developed the 
DPM(+ I) to assess the effects of different tobacco 
t;;X ~US UI t;; SI,.::t= lI al ius, wiLh Lil t;; gual uf illfulillillg It;;g
ul atory decision mak ing as outlined in the FSPTCA 
regarding MRTPs. (4) Models are useful in this con
text to predict the m agnitude , and thus like lihood , 
of changes in exposure patterns needed to produce 
a population benefit andlor likely to produce a pop
ul at ion harm. While reducing a harmful exposure 
in indi viduals (i.e., due to product switching) logi
call y should lead to reduced popul at ion harm , in
creases in population harm might nonetheless occur 
if more people begin using tobacco andlor if fewer 
people stop using tobacco beca use of the availability 
of an MRTP. The DPM(+ I) can be used to explo re 
what wo uld happen to a hypo the tical po pula tion at 

different attained ages, under different counterfac
tual scenarios. A range of probabiliti es can be mod
e led fo r each transitio n of interest to de te rmine the 
potenti al magnitude and likelihood of a popul atio n 
benefit or ha rm. 

The cho ice of output measures (differences in 
numbers of survivors, LE, or QALE) depends on 
the question being addressed by a given analys is. 
Specificall y, the difference in the number of survivors 
under two exposure scenarios provides a direct es
tim ate of the effect on population health . LE es ti 
mates can be used to plan for the delivery of health
care, whil e QALE est ima tes provide a measure that 
approximates morbidity and is used by economists 
to choose between medical interventions compe t
ing for the same resources. (2,3,9,18) Because the vari-
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ous output measures produced by the DPM(+ I) are 
calcul ated from the same default output, i.e., the dif
ference in the number of survivors. each provides a 
diffe rent view on the same infor mation. Neverthe
less, interpretation of the different measures requi res 
additi onal attention, as a seemingly large magnitude 
of diffe rence in one measure (di fference in survivors) 
may seem small when expressed another way (LE 
or QALE). The current analyses highlight thi s issue, 
amI tht:y 0:1 1 t;; c OIllpa l ablt: Lo 0 111 t: 1 allalysf,;;;s o f 11101 tal

ity and LE diffe rences. For example, using U.S. data 
from 1995, Wagener el al. estim ated that a (seem
ingly large) 5 % reductio n in age-specific mo rtality 
produced onl y about 0.5 additional years of LE. (19) 

Modeling results are highly dependent on the in
put data selected by the analys t. For these illustra ti ve 
analyses, transition probabilities for the base case 
were selected based on 2009 U.S. cigarette smoking 
initiati on rates and 2005- 2008 cessation rates, with 
age- and tobacco-exposure-specific all-cause mortal
ity risks proport ional to those of males who partic
ipated in the Kaiser-Permanente Cohort Study(l2) 
M Ullality lisk. s flUl1i uLht:1 pUllul a liulIs ,HIU ci gal t: tL t: 

smoking initi ation and cessati on rates from other 
time periods, if available, may be more info rmative 
for other analyses. For example, for alternative initi
ation and product switching, differences in survivors 
between the counterfactual scenario and the base 
case would be attenuated if lower smoking initiati on 
and higher cessation rates were used beca use of the 
reduction in the number of smoke rs and the resulting 
decrease in the number of MRTP users. 

Transition probabilities definin g the counterfac
tual scenarios were selected to describe extreme sce
narios fo r harmful consequences that could be asso
ciated with the widespread availability o f all MRTP 
in the U.S. market; however, these transition prob
abiliti es can be modified in the D PM(+l ) to model 
diffe re nt sce narios of interest. A nd while the illus
trative analyses presented are re lati vely simple, the 
DPM(+l ) can be used to model more compl ex sce
narios that incorporate additional shi fts in exposure 
patterns including, but not limited to, MRTP cessa
tion and relapse and concurrent use of both MRTP 
and ciga rettes. Increasing the number and type of 
exposure patterns in the counterfactual scenarios 
woul d likely provide a closer approximati on to ac
tual consumer behaviors, and could suggest other 
l-'aLlt:1 ws uf illl.;H:::ast:u VI U t:L.:J t;;a st:u l-'u l-'ula l iulI I W. IIII , 

but might be limited by the difficulty of identify
ing re li able model input values. Definin g til e expo-
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sure patterns of key concern is a necessary chal
lenge for those engaged in developing policies, and 
these should be the focus of anv analvses undertaken. 
Defining the level of change from the baseline num
ber of survivors th at is both likely to occur and large 
enough to impact populati on health is a separate de
cision, and one that should be undertaken coll abora
ti vely with a ll the relevant stakeholders, preferably 
a priori. 

Asidt: fl Oll1 th t: spt:cirlc t;;XPOSUI t: pa tt t: llIs St:

lected to define the base case and counterfactual sce
nari os, additi onal input parameters th at influence the 
results produced by the DPM(+ l ) include the mag
nitude of the ERR se lected to descri be an M RTP un
der consideration, the amount of uncertainty spec
ified for the input parameters. and the du ra tion of 
follow-up; all of these parameters are defin ed by 
the analyst. The output metric selected for a given 
analysis (differences in numbers of survivors, LE, or 
Q ALE) must be interpreted in light of th e input pa
rameters, and a judgment must be made regarding 
the relative population benefit or harm identified. 
Ca l t: Illust ut: takt: ll ill lldillillg III t:a llillgful lliffe l 

ences, and the rationale for these decisions should be 
documented. 

In spite of these cautionary notes, the DPM ( + 1) 
is expected to provide valuabl e informati on to 
policymakers choosing between different cOurses 
of action. The DPM(+ I) is the onlv population 
model, developed to support tobacco regul ations, 
th at has the ability to estimate tipping points. Such 
analyses are essential in the regulatory context 
because they all ow for the examin ation of the 
magnitude, and thus likelihood, of consequences of 
increased availabil ity of the proposed MRT P. The 
various output measures ca n be used to address 
different questions based on identical input and 
assumptions, assuring consistency and comparabil ity 
of analyses and results . Assess ing the m agnitude of 
beneficial and harmful shifts in exposure patterns, 
including associated tipping points, should aid in 
making rati onal choices on whether or not to sup
port a particul ar policy regarding the introduction 
of an MRT P into the mark et. Beca use all input 
parameters are specified by the analyst, specific 
exposure patterns of interest can be investigated. 

Like all models, the DPM(+l ) is built on sim
plifying assumpti ons, as follows: (1) it compares the 
effects of using onl y two types o f tobacco products; 
(2) it assumes that the rates of risk reduction associ
ated with quitting diffe rent types of tobacco use (e.g., 
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cigarettes and MRTP) are proportional; for the cur
rent analyses, MRTP cessation was suspended; (3) 
mortality rates are dependent on the overall dura
tion of product use or quitting, but not on either 
the amount of each product used or on the sequence 
of exposures; (4) only the direct effects of exposure 
to higher and lower risk tobacco products are con
sidered; hence, the current analyses do not account 
for changes to second-hand smoke exposures, for ex
alllplt:: , whict. al l;;; dut: to cllallgt;;s ill tll\;;; PI OPOIlio llS 

of cigare tte smokers in the population; and (5) the 
model requires the analyst to specify values of the 
re levant input data; howeve r, because the outcom e 

measures depend on the precision of the input data, 
precision is estimated for differences in the num
ber of survivors in the base case and counterfactual 
scenarios. 

Alternative analytic frameworks have been sug
gested for assessing the populati on benefit or harm 
th at may result from specified shifts in tobacco ex
posure patterns. In particul ar, some researchers have 
suggested models that employ a framework whereby 
sililul atiulis stalL witll a I,.;luss-st:l.:liumti pupul a tiull uf 
mixed ages, genders, and tobacco use status (never 
users, form er users by years since quitting, and cur
re nt users).(20-22) Each age in the cross-sectional pop
ulation represents a distinct birth cohort, which is fol
lowed over time (based on calendar year and age), 
with new members added through births and exist
ing members removed through deaths. While such 
models purport to predict future mortality under the 
assumption that an MRTP is introduced during the 
foll ow-up period, foll owing a cross-sectional popu
lation over time to assess population health in this 
manner is unnecessarily compl ex, with great input re
gUil t lll t llt s, alld raise s methodological questio lls. III 
particular, such models are limited by short follow-up 
periods and lack of generalizability. (23) 

The main strengths of the DPM(+l) are its 
fl exibility, its ability to account fo r uncertainty in 
the model inputs and outputs-one of few published 
models in the context of tobacco regul ation with this 
capability- and its comprehensiveness. In addition, 
the DPM( + 1) was successfull y validated and cali 
brated, whereby appropriate input data were used 
to defin e a base case and a counterfactual scenario 
whose model results showed close correspondence 
to data from an actual popula tion.(1) All model 
illl-'uLs l:i:lll VI:! I.:l!a llgtaJ uy tll\:: all alys t, a m.l lil t: It::vt:1 

of uncertainty in model inputs ca n be specified and 
is accounted for by th e PIs around th e estimated 
diffe rences in the numbe r o f survivors. There are 
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no restri ctions on age, time of initiation, or time of 
cessati on of exposure. 

The key benefit of using models, such as the 
DPM(+l) , is the ability to hold constant a ll assump
tions and factors other than the distri bution of expo
sures or the comparative risk estimates. The model 
outputs ca n thus be used to test hypotheses regarding 
the possible magnitude of benefit or harm that might 
follow from specified exposure distributi ons und er 
cOllditiolls that al t: otht: lwist: lil t: salllt:. Tll t:st: allal y
ses do not provide absolute predictions of differences 
in survival due to changes in tobacco exposure pat
te rns, but they do show the magnitude o f behavio r 
changes that must occur in order to result in either 
benefit o r harm to a population. They also allow fo r 
researchers and policymakers to rank the likelihood, 
and thus the importance for prevention, of various 
unintended consequences. 

The examples presented here arc not mea nt to 
be exhaustive, but they do reft ect concerns that have 
been raised regarding potenti al unintended conse
quences that may be associ ated with the widespread 
availabilily uf all MRTP ill lil t: IlIalkt: llJl al,;t: . Til t:y al t: 
mea nt to provide a conceptual description of the ca
pabilities of the DPM(+l) by showing the types of 
results th at can be produced, and to support those 
charged with making choices between different po li
cies by providing methods for obj ectively considering 
th e magnitude and likelih ood of both intended, pos
iti ve consequences and unintended, negati ve conse
quences of their choices. Based on th ese exampl es, 
we demonstrated that switching completely from 
ciga rette smoking to MRTP use is more likely to lead 
to a population-level survival benefit than initiating 
tobacco use with an MRTP instead of cigarettes. ln 
additio n, co mplete switching to MRTP use among 
a small proportion of smokers in each age category 
offsets the survival defi cit th at might be expected 
due to extreme scenarios for MRTP initi ation among 
never tobacco users, followed by transitioning to 
ciga rette smoking, and/or cigare tte smokers switch
ing to MRTP use in stead of quitting. 
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