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NIL, R , R BUZZI AND K BA'Iq'IG Effects of different cigarette smoke yields on puffing and inhalation Is the 
measurement of inhalation volume v relevant for smoke absorption ~ PHARMACOL BIOCHEM BEHAV 24(3) 587-595, 
1986--Puffing patterns (number of puffs, puff volume, puff duraaon, puff interval, peak pressure, peak flow, peak 
latency), respiratory smoke inhalation (postpuff lnspiratory latency, volume and t~me and postpuff expiratory volume and 
ame), and the pre- to postsmokmg boost of t~dal a~r CO concentration were analyzed m 117 regular smokers They smoked 
both a c~garette of the habitual brand and a second ogarette of a brand w~th about 40 to 50% lower machine standard smoke 
y~elds and the most similar taste quahty The pre- to postsmokmg CO boost remained unrelated to the smoke dehvenes of 
the c~garettes in both comparisons (lntennd~v~dual and switching) EsUmated mouth retake of mcotine was strongly 
dependent on the smoke yield variables of the ogarettes but remaaned uncorrelated wtth CO absorption The discrepancy 
between mouth smoke intake and alveolar smoke absorption could not be explained by the volumes or durations of the 
postpuff respiratory cycle MulUple regression analyses suggested dtfferential modes of control for the daffy number of 
cigarettes smoked, for the patterns of puffing, for respiratory inhalation, and finally for alveolar CO absorption The results 
are discussed m relation to the dynamics of puffing and inhalation and their possible relevance for tobacco-related diseases 

Cigarette smoke yields Ogarette puffing Cigarette smoke inhalation Nicotine titration COHb 

OVER the last years most lndustrlahzed countries have w~t- 
nessed a pronounced shift toward the use of  hghter c~ga- 
rettes Today the net effect of these changes on mouth intake 
of smoke and on alveolar resorption of CO and mcotlne ap- 
pears to be rather different A series of  studies [2, 3, 4] has 
documented that CO and mCOtlne absorption remained 
nearly unaffected by these changes even when Including 
"u l t ra"  light cigarettes Further, smoke yield measures do 
not or only modestly affect the dally frequency of cigarette 
smoking [23,27] On the other hand, although a series of 
studies has revealed compensation in puff volumes for 
differences m smoke yield, it also appears that such compen- 
sations are incomplete, accounting in general for no more 
than about 20% of the differences m smoke yields This fact 
has been estabhshed both with the puff flowmeter method 
and with the butt analysis techmque [2,22] 

Therefore, respiratory mhalatmn can reasonably be ex- 
pected to be a better candidate for explalnmg CO and 
mCOtlne absorption than measures of  mouth intake of  smoke 
[11] However ,  so far only a limited number of small sample 
studies has attempted to analyze the respiratory mechanisms 
of smoke inhalation 

The present study revolved the analysis of puffing pat- 
terns and each subsequent postpuff respiratory cycle in 117 

regular smokers The respiratory traces, obtained by the 
transthoraclc ~mpedance method and calibrated with a 
spirometer, were analyzed for each single puff with respect 
to time la tenoes  and volume Two types of comparisons 
were then made, namely (a) mtenndtvldually across all sub- 
jects when they smoked their own habitual brand cigarette 
and (b) mtralndivldually for acute switching to a c~garette 
brand with a smoke dehvery lowered by about 50% 

METHOD 

Subje~ ts 

Sixty-nine men and forty-eight women aged between 17 
and 64 years were recrmted by newspaper advertisement 
They were all regular smokers and reported themselves to be 
m good health They received contemporary per hour 
salaries for participating m this study 

Apparatus 

A puff flowmeter consisting of a cigarette holder con- 
nected with a precision pressure transducer system [7] was 
purchased from Projects CGC Ltd This holder did not 
occlude ventilations of the cigarettes, but it m~ght have re- 
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FIG 1 Pattern of a single puff with the concomitant respiratory 
trace of a subject 

duced the posstblhty of a manual occlusion of the ventllatton 
holes by the subjects A digital analyzer built at the labora- 
tory was used to transform the analog signals of the pressure 
transducers mto dtgltal pnntouts for puff volume, puff dura- 
tion, puff interval, peak pressure, latency to peak pressure, 
and peak flow 

The estimation of  CO and ntcotme mouth intake was 
computed by means of the standard machine smoking data 
(International Standard Organization Norm 30308), the re- 
suiting CO/mcotme yield and the total puff volume per ciga- 
rette of the subject It represents thus an extrapolation of the 
CO/nlcotme yield by multiplying It wtth the relation sub- 
jec t ' s  puff volume/machine puff volume 

The CO analyzer, Beckman Instruments model 866, was 
used for measuring CO concentratton tn the expiratory tidal 
air, The expiratory air, which ts a mixture of alveolar and 
dead-space air, was collected m a Teflon bag during normal 
breathing and simultaneously analyzed with the instrument 
unttl stable CO readmgs were obtained This was mostly 
achieved within 3 to 5 mln This procedure of CO analysis, 
First described by Rawbone et al [18] has the advantage of 
highly precise and stable CO readings whzch are independent 
of breathmg techniques It implies, however, the conse- 
quence of smaller absolute CO values than obtained with the 
more often used end tidal air CO analysts Respiratory 
movements were recorded by the transthoracic impedance 
method Two electrodes were fixed at the right thorax (one 
at the frontal thorax near the 6th rib and the second at the 
lateral thorax at a 90 ° angle to the first electrode) which 
continuously recorded changes in transthoracic impedance 
These signals were amplified and then transformed by a lab- 
oratory built analyzer into digital printouts for the latency to 
the first respiratory movement after a puff and for the laten- 
cies and amphtudes of  both the lnspiratory and expiratory 
parts of the first complete respiratory cycle following a puff 
(Fig 1) 

A dry spirometer (Hospal-Calculalr, Sandoz Pharmaceu- 
tical Dept , Hospital Supply, Basel) was used to calibrate 
quantitatively the inspzratory and expiratory amplitudes of 
the thorax Impedance signals This calibration involved the 
comparison of  the Impedance amphtudes with the spirome- 
ter respiratory volumes across 15 breathing cycles This pro- 
cedure was carried out before smoking each of the two ciga- 
rettes and served as the basis for calculating the mspiratory 
and expiratory volumes for each postpuff respiratory cycle 
All values were rounded off to 100 ml units, and all data for 
which the impedance/volume product moment correlation 

TABLE 1 

ACTUAL SMOKING BEHAVIOR, CIGARETTE CH ~,RACTERISTR_ S 
AND PRESMOKING BASELINE OF 

PHYSIOLOGICAL MEASUREMENTS 

Mean _+ SD 

Variable Men Women 

l 

Men 
versus 
women 

Actual smoking behavior 
Number of ogarettes/ 252 _+ 147 242 _+ 141 

day 
Age began smoking 18 1 _+ 3 0 184 + 3 
Latency to first 2 1 + I I 2 1 + 1 1 

ogarette/day (hr) 
Nclgarettebefore 99 _+ 8 I I1 6 _+ 87 

test on test day 
Basehne tldalalrCO 172 _+ 7 8 177 ÷ 97 

(ppm) 

Cigarette charactenstlcs 
Habitual brand 

NIcotmeyleld(mg/ 088_+ 028 071 + 927 3 18~ 
cigarette) 

Condensatey~eld 11 8 _+ 46 98 _+ 66 
{mg/c~garette) 

COymld(mg/og) 118 _+ 27 103 + 32 221" 
pH 68 + 04 69 _+ 04 

L~ght cigarette 
NIcotlneyleld(mg/ 049_+ 026 0 4 0 +  025 

cigarette) 
Condensateyleld 60 + 30 48 +_ 35 

Img/clgarette} 
COyleld(mg/og) 73 + 37 5 5 _+ 39 
pH 70 + 030 71 _+ 026 

Pulse 762 _+ 11 1 778 _+ 103 
Systohcpressure 796 _+ 11 0 732 ÷ 86 331:~ 

(mm Hg) 
Dmstohcpressure 116 1 -+ 11 1 1055 +_ 124 480:~ 

(ram Hg) 

*p<0 05, fp<0 01, ~:p<0 001 

did not reach at least 0 8 in the cahbratlon procedure were 
omitted from further analysis Under these condinons, val- 
ues of postpuff msplratory latency, postpuff respiratory vol- 
ume and duration could be obtained for 97 subjects and 
corresponding expiratory values for 67 subjects Blood pres- 
sure and pulse rate were obtained with the module Elag Be- 
207-S (Cologne, FRG) 

Testmg Pro~ edure 

The sample of the subjects was divided Into two groups 
One group first smoked a cigarette of the personal brand and 
then the cigarette with lowered smoke yields For the other 
group this sequence was reversed In each case the cigarette 
with the lower smoke yield was also a commercial brand 
cigarette and was selected to be as similar as possible to the 
personal brand cigarette with respect to blend and taste but 
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T A B L E  2 

AVERAGE PUFFING BEHAVIOR AND t-TEST COMPARISONS 

Men Women 

Mean ± SD Mean ± SD 

Variable Habitual clg Light ctg t-test Habitual ctg Light ctg t-test 

Men vs women 

t-test 

Habttual Light 
Clg Clg 

Total puff volume/ 511 6 ± 220 1 6645 ± 305 1 39:~ 5098 ± 2244 
clg (ml) 

Puff volume(ml) 423 _ 145 502 ± 163 30 t  414 ± 133 
Peak pressure 212 ± 86 226 ± 78 234 ± 8 1 

(cm H.,O) 
Peak flow(ml/sec) 348 ± 106 355 ± 106 362 ± 84  
Peak latency (sec) 0 75 ± 0 24 0 81 ± 0 24 0 67 ± 0 14 
Puff duratton (sec) 2 18 ± 0 71 2 59 _+ 0 79 3 l t  2 02 ± 0 52 
Puffmterval(sec) 229 ± 128 200 ± 109 217 ± 107 
Number of puffs 126 ± 45 137 ± 47 125 ± 48  
Postpuff lnsplr 0 39 ± 0 48 0 35 ± 0 38 0 17 ± 0 26 

latency (sec) 
Postpuff msplr 1 25 ± 0 43 1 28 ± 0 53 1 17 ± 0 42 

ttme (sec) 
Postpuff exp~r 1 87 ± 0 66 1 96 ± 0 59 1 82 ± 0 84 

ttme (sec) 
Postpuffmsplr 05 ± 03 06  ± 05 04  ± 03 

volume (1) 
Postpuffexplr 06  ± 04 06  _+ 04 05 ± 03 

volume (1) 
Est mcotme 1 5 ± 0 8 1 I --+ 0 5 3 6:~ 1 2 ± 0 6 

mouth retake (mg) 
Inhalation 0 18 ± 0 27 0 23 ± 0 23 0 17 ± 0 17 

effioency 
At~dalCO 26 ± 20  24 ± 15 21 ± 14 

boost (ppm) 
Subjecttvesmokmg 51 ± 25 47 _+ 22 48 ± 30 

need (mm) 
Subject~vesmoklng 60 ± 28 36 ± 21 555 49 ± 31 

satlsfactmn (mm) 
Presmokmgt~dal 05 ± 02 05 ± 02 04  ± 02 

msptr vol (1) 

619 1 ± 2912 2 1" 

470 ± 158 
216 ± 85 

379 ± 99  
068 ± 0 16 
221 ± 059 

202 --- 111 
134 ± 52 
0 16 ± 0 19 

1 14± 046 

1 95  ± 091 

04  ± 03 

06  ± 04 

08  ± 06  3 13t 

0 32 ± 0 23 2 8t 

19 ± 20 

41 ± 26 

31 ± 23 3 l t  

04  ± 02 

21" 
3 31" 

2 6* 3 0"t 

2 5* 

2 6* 2 7t 

*p<0 05, ¢p<0 01, :~p<0 001 

to differ f rom the persona l  b rand  by a 50% lower  machine  
smoking yield o f  nicot ine Toge ther  with a ques t lonnat re  for 
assess ing  smoking habits  and alcohol and coffee  consu mp -  
tmn three  packs  of  these  lower  yield c igaret tes  were  sent  to 
the subjec ts  m advance  to allow famdlanzaUon  wtth the dif- 
fe rent  brand For  control ,  the subjects  were  r eqmred  to b n n g  
10 but ts  o f  these  o g a r e t t e s  to the test ing se s smn  In a d d m o n ,  
the subjec ts  also rece tved  an advance  a form to protocol  t~me 
for the c igaret tes  smoked  on the test  day before a m v m g  at 
the laboratory  

The t~me protocol  o f  the tes t ing sess ton whtch  lasted 90 
mm was ldenacal  for  all subjects  and f ixed as f o l l o w s -  
Col lec tmn of  the ctgaret te  but ts  smoked  on the test  day with 
the c o r r e s p o n d m g  t~me protocol , - -F~xjatmn o f  the thorax  
impedance  e lec t rodes  , - - C o r o n a r y  prone  behav ior  
q u e s a o n n m r e , - - C O  analysis  o f  ttdal m r , - - C a l l b r a t m n  of  the 
thorax  ~mpedance a m p h t u d e s , - - M e a s u r e m e n t  o f  pulse rate 

and blood p r e s s u r e , - - A s s e s s m e n t  of  the subject ive need for 
s m o k m g , - - S m o k l n g  the first c lgare t te , - -Subjec t~ve  assess-  
ment  o f  smoking sa t~s fac t ton , - -Measu remen t  o f  pulse rate 
and blood p ressure  ( tmmedlately af ter  the last p u f f ) , - - C O  
analysis  o f  tidal air (5 mln after  the last p u f f ) , - - P a u s e  (30 
m l n ) , - - C O  analysts  o f  tidal a l r , - - C a h b r a n o n  of  the thorax 
impedance  a m p h t u d e s , - - M e a s u r e m e n t  of  pulse rate and 
blood p r e s s u r e , - - A s s e s s m e n t  of  the  sub jec t ive  need  to 
s m o k e , - - S m o k l n g  the s eco n d  c~garette (45 mm af ter  the 
first c tga re t t e ) , - -Sub jec t lve  a s s e s s m e n t  of  smokmg 
s a t l s f a c t t o n , - - M e a s u r e m e n t  of  pulse  rate and blood 
p r e s s u r e , - - C O  analysts  o f  tidal mr (5 mm after the last puff) 

To assess  the subject ive  need  for smokmg,  a 100 mm 
analog scale was  p re sen ted ,  marked  at the two  ends  with " n o  
need  to smoke  at al l"  and " v e r y  s t rong need  to smoke  ' "  

The  a s s e s s m e n t  of  smoking sat tsfacUon was  cor respondingly  
ach ieved  with the p resen ta t ion  of  an analog scale marked  at 
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FIG 2 Puffing variables averaged separately for the female, male, and whole subject sample The subjects have been classified into groups 
according to the machine standard mCOtlne yield of their habitual ogarette (left) and the hghter test ogarette (right) 

the ends with "the c~garette tasted very good" and "the 
cigarette tasted very bad " 

Data Analysts 

All expenmental data were punched on cards and statisti- 
cally analyzed on a large-scale CDC computer using the 
SPSS and BMDP software systems The stattstlcal analyses 
included cross-sectional correlatmns and comparisons of 
means by the t-test method (two-tad°d) Multiple regressmn 
analyses were performed in order to evaluate the main 
determinants of cigarette consumption, mouth-level and 
alveolar-level smoke uptake The analyses were performed 
separately for each sex 

RESULTS 

Table 1 shows for each sex the averages for the smoking 
habit and physiological data The female subjects differed 
from the male subjects by stgmficantly lower blood pressure 
and by smoking hghter ctgarettes In all other aspects, in- 

cludlng the dally frequency of  cLgarette smoking, the two 
sexes did not differ from each other 

Mean~ of  Smol ,  mg Vartables  and  Su :tc hmg  Lffe¢ t~ 

For quantitative comparisons, all puffing and respiratory 
data are presented m Table 2 as averages for both sexes and 
both types of cigarettes Switching to the hghter c~garette 
with about 50% less smoke yield produced in both sexes an 
mcrease of the puffvolumes by about 20%, but no s~gmficant 
changes for any of  the measures of respiratory inhalation 
The net decrease m mouth retake of CO and mcotme per 
c~garette thereby amounted to about 30% Both sexes rec- 
ogmzed the low dehvery cigarette tmmedmtely and rated ~t 
significantly less sattsfactory than the habitual c~garette 

Cros s-See tzonal Ana ly  ~e 5 

The results of the cross-sectional analyses (Kendall r) are 
presented m Ftgs 2 and 3 For lllustratwe purposes the sub- 
jects have been classified into groups of equal size according 
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FIG 3 Inhalation vanables and pre- to postsmoktng heart rate difference, averaged separately for the female, male, and whole sample 
The subjects have been classified into groups according to the machine standard mcotme yield of their habttual cigarette (left) and the 
lighter test cigarette (nght) 
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T A B L E 3  

MULTIPLE REGRESSION ANALYSES 

Dependent Original set of Subset of independent variables 
variable independent variables Sample for best regression r R-' I- 

Clg/day Ntcotme yield male + female - -  
Condensate y~eld 
CO yield male - -  
Smoke pH 

female Smoke pH (0 562) 0 53 0 22 (3.38)=4 95t 

CO basehne 

Puff volume/ 
clg 

Postpuff 
respiratory 
volume/clg 
(PPIV) 

CO yield (0 68*) 
Nicotine yield ( - 0  36) 

Clg/day (0 52t) 
Nicotine yield (0 20*) 

Clg/day (0 417) 
Condensate yield (0 35?) 

Cig/day (0 404) 
CO yield (0 49) 
Condensate yield ( - 0  35) 

CO baseline (0 31:D 
CO ymld ( - 0  23*) 

CO basehne (0 482) 
CO yield ( - 0  34*) 
Smoke pH ( - 0  22) 
CIg/day ( - 0  18) 

Nicotine yield ( - 0  31") 

Puff vol/cig (0 46:b 
CO yield (0 30*) 
Smoke pH ( - 0  19) 
CO baseline ( - 0  16) 

A tidal CO 

Nicotine yield male + female 
Condensate yield 
CO ymld 
Smoke pH male 
Cmg/day 

Nicotine yield 
Condensate yield 
CO yield 
Smoke pH 
Clg/day 
CO baseline 

female 

male + female 

male 

Nicotine yield 
Condensate yield 
CO yield 
Smoke pH 
O g / d a y  
CO basehne male 
Puff volume/og 
Nicotine mouth retake 
CO mouth i~take 

Nicotine yield 
Condensate ymld 
CO yield 
Smoke pH 
Clg/day 
CO baseline 
Puff volume/og male 
Nicotine mouth intake 
CO mouth intake 
PPIV 

female 

male + female 

female 

male + female 

female 

CO mouth mtake (0 50~) 
Smoke pH ( - 0  26) 

CO basehne (0 402) 
Nicotine yield ( - 0  25) 
PPIV (0 19) 
Nicotine mouth intake (0 23) 
G g / d a y  (0 15) 

CO baseline (0 5It)  
PPIV (0 42+) 
Clg/day ( - 0  28) 
Condensate ymld ( - 0  25) 
Smoke pH (0 22) 

Puff volume/clg (0 36*) 
CO basehne (0 26) 

0 53 0 27 (2 112)=22 342 

0 50 0 21 12,60)-9 47~ 

0 51 0 20 (3,38)-4 50+ 

0 36 0 11 (2,102)=7 422 

0 47 0 17 (4,58)=4 08? 

0 31 0 07 (1,40)=4 31" 

0 55 0 26 (4,78)=8 342 

064 0 39 (2,49)= 17 33~ 

0 50 0 20 (5,85)=5 62~ 

0 56 0 25 (5,47)=4 40+ 

0 48 0 19 (2.44)=6 54t 

*p<0 05, l-p<0 01, 2p<0 001 
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to the nicotine yield of their habitual brand (left panel) and 
reclassified according to the nicotine yield of the lighter ciga- 
rette (right panel) smoked for comparison The correlation 
coefficients shown m the figures give evidence for some 
compensation for differing nicotine yields, mainly among the 
puffing variables However, mouth nicotine intake, mouth 
CO intake, and the total puff volumes per cigarette still cor- 
related significantly with the smoke yield measures of the 
cigarettes as shown in the bottom panel of Fig 2 

The volumes of the first postpuff respiratory cycle (mha- 
latlon volumes) are shown in Fig 3 for the same sample 
splits Inhalation volumes were smaller for decreasing ciga- 
rette strength, but this trend was evident only across the 
habitual cigarettes and not across the lighter cigarettes 
smoked for comparison The postpuff expirations (smoke 
exhalation volumes) were also smaller for lighter cigarettes, 
but in this case the relation became significant for both ciga- 
rette types The pre- to postsmoklng differences in tidal air 
CO (= A tidal CO) were nearly identical for all subsamples 
As a result "inhalation efficiency" defined as A tidal CO in 
ppm per unit of CO mouth intake [27] increased rather con- 
Slstently and strongly with decreasing smoke yields 

Multiple Regression Analwe~ 

A series of multiple correlation analyses were computed 
In order to delineate more closely the interdependence of the 
main variables of smoking behavior This was achieved with 
the BMDP 9R software program, which allows to search for 
the combination of independent variables producing the 
most appropriate multiple regressions As criteria for the 
best multiple regressions, both small Cp values and high 
amounts of explained variance were adopted [28] 

Table 3 hsts the different multiple regressions in a hierar- 
chical order beginning with the evaluation of the determi- 
nants of daily cigarette consumption and ending with deter- 
mlnants of alveolar CO uptake by including in each step all 
variables already used in the previous steps 

According to this analysis dally cigarette consumption 
was rather independent of the smoke yield variables in men 
but not in women For pretest baseline tidal air CO a rather 
consistent dependence on both the smoke yields and daily 
consumption was obtained The variations in total puff vol- 
ume per cigarette were relatively poorly determined with 
only small amounts of variance being explained by any of the 
multiple regressions It was best predicted by tidal air CO 
basehne and the smoke CO yields in the whole sample and in 
the male subsample, while, interestingly, nicotine yield 
seemed to play a role among the female subsample only 

The postpuff inspiratory volumes (PPIV) were statisti- 
cally related to different subsets of variables in the whole 
sample and the male subsample Positive correlations were 
obtained with cigarette smoke yield measures in the whole 
sample and in the male subsample, but not in women 

A Tidal CO was correlated again in a sex differentiated 
manner CO baseline played a significant role in the whole 
sample and in the male subsample The postpuff insplratory 
volumes, which were expected to play an important role, did 
so In a significant manner in the males only, but neither in the 
females nor in the whole sample In contrast, in the females 
the puff volumes and to a lesser extent CO baseline were the 
only variables contributing to the explanation of A tidal CO 

In addition, a hmtted set of unlvarlate Kendall correla- 
tions were computed across the different inhalation meas- 
ures Subjective depth of inhalation correlated positively 

with A tidal CO (t=0 27), p < 0  01) but not with PPIV, and 
PPIV did not correlate with A tidal CO 

DISCUSSION 

The aim of this study was to evaluate in a cross-sectional 
and switching paradigm the interactions of cigarette smoke 
yields with puffing and lnhalatory patterns by using a rather 
large subject sample The analyses of puffing patterns were 
based on the cigarette holder flowmeter method [7] Al- 
though this method has been validated by comparisons with 
a pyrometer method [10], It was shown to intensify puffing 
behavior [26] However, changes in cigarette design resulted 
in comparable changes in puffing behavior when measured 
with a holder or an inductive plethysmographlc cheek coil 
[26] Statistical analyses were performed separately for the 
two sexes Although puffing and inhalation patterns seemed 
to be differentially Influenced in the two sexes as suggested 
earlier [2], the differences are rather difficult to interpret 

The present study mdlcates that alveolar absorption of 
CO is generally independent of cigarette strength as deter- 
mined by smoke yields for CO, nicotine, and condensate 
This was the case both for the cross-sectional comparison 
between smokers of different cigarettes, including also a 
rather large proportion of smokers with "ul tra"  light ciga- 
rettes, and when these smokers switched within the same 
test session to a cigarette with smoke yields lowered by 
about 40 to 50% This is in general agreement with a number 
of previous studies [2, 3, 17, 19] 

A different picture was obtained for the estimated mouth 
smoke intake These measures do not take into account 
modulatory effects of puffing intensity on smoke deliveries 
[6,21], however, on the average they turned out to be highly 
dependent on the smoke yields of the cigarettes in the cross- 
sectional companson and they also decreased significantly 
when the smokers switched to the lighter cigarettes There- 
fore. the observed compensatory increases of puffing vol- 
umes in response to decreasing smoke dehverles were by far 
not complete and thus cannot explain the near complete 
compensation seen for alveolar CO uptake or heart rate ele- 
vation as a relative index of nicotine intake [15,25] 

Similar dlssoclations between mouth intake of smoke and 
alveolar intake have been observed in other switching 
studies [12,20] In the Russell et a/ study [20], postsmoking 
COHb levels seemed to be unaffected by switching to hghter 
cigarettes, as seen in the present study, while plasma 
nicotine levels and estimated mouth nicotine intake obtained 
by butt analyses were diminished 

Interestingly, inhalation volumes, although considered as 
a main factor in alveolar smoke uptake [11,18], were not 
changed In a compensatory manner by switching to the 
lighter cigarette Furthermore, the failure of such a compen- 
satory change also became apparent considering the devel- 
opment of the postpuff respiratory volumes (inhalation vol- 
ume) in the cross-sectional comparison 

The observed trend toward a positive relation between 
inhalation volumes and smoke yields of the cigarettes may at 
first glance be directly opposite to what one might expect 
However, in a speculative manner, one could also expect 
that the smoker tends to dilute concentrated smoke by in- 
creasing postpuff inspiration volumes At this stage it should 
also be remembered that mouth intake of smoke and subse- 
quent inhalation are two highly independent steps [5,26] 
This is also particularly evident from the multiple regression 
analysis presented in this study and might thus be one reason 



594 NIL ,  B U Z Z I  A N D  B A I T I G  

for the  o b s e r v e d  dl f ferent ta l  effect  of  v a r y m g  smoke  de- 
l lver tes  on  puffing,  r e sp i ra to ry  inha la t ion  pa t t e rn s  and  alveo- 
lar  CO abso rp t ton  A c c o r d i n g  to this two-s tep  hypo thes i s ,  
the  s m o k e r  fills hts m o u t h  wtth a var iable  a m o u n t  of  smoke,  
t h e r e b y  man tpu la t lng  smoke  c o n c e n t r a t i o n s  to some ex ten t  
by m e a n s  o f  an app rop r t a t e  puffing pa t t e rn  (to fulfill his gus- 
ta tory  needsg) ,  and  s u b s e q u e n t l y  mhales  a var iable  bolus  of  
th ts  smoke  adequa t e ly  d i lu ted  by atr  (to con t ro l  for  sensory  
t r n t a t t o n  of  the i r a c h e o b r o n c h l a l  mucosag)  Fmal ly ,  the 
pos t t t onmg  of  the  smoke  into the  lnsp t ra to ry  atr  bolus might  
fu r the r  d e t e r m m e  w h e t h e r  the smoke  reaches  mere ly  the  
u p p e r  dead  space  or  also the lower  a lveo la r  space  of  the 
r e sp t r a to ry  s y s t e m  where  n icot ine  and  CO are eff iciently ab- 
so rbed  [8] 

Only  a few a t t empt s  h a v e  been  made  so far to m easu re  
and  es t ima te  the  d e p t h  of  mha la t lon  by usmg di f ferent  tech-  
n iques  for  the reg ts t ra t lon  of  r esp i ra to ry  m o v e m e n t s  S t ra in  
gauge p n e u m o g r a m s  were  used  by R a w b o n e  et al [18] and 
H e r n m g  et al [13], yielding s p l r om e t nca l l y  ca l ib ra ted  va lues  
of  the  mha la t t on  vo lumes ,  and  by  Nil et al [17], using a 
qua l t t a twe  score  as a m eas u r e  of  puff  p o s m o n l n g  wt thm the 
ven t l l a to ry  cycle  Gut l l e rm and  Radz t szewsk t  [10] and  Hern-  
lng et al [13] m e a s u r e d  mha la t ton  vo lumes  by sp t rome te r  
c a h b r a t t o n  of  t r ans tho rac t c  tmpedance  stgnals ,  as m the 
p r e sen t  expe r imen t ,  and  Tob ln  and  S a c k n e r  [26] used the 
m e t h o d  of  lnduc t tve  p l e t h y s m o g r a p h y  in a s imilar  way The  
mos t  prec ise  and  also mos t  e l abora te  m e t h o d  for  the con-  
c o m l t a n t  reg ts t ra t ton  o f  puffing and resp t ra t lon  has  recen t ly  
been  desc r tbed  by  A d a m s  et al [1] us ing  a head  and  a rm-ou t  
whole  body  vo lume d i s p l a c e m e n t  p l e t h y s m o g r a m  The  re- 
sul ts  o b t a m e d  in the above  m e n t t o n e d  s tudtes  genera l ly  
s h o w e d  htghly s table mdlv ldua l  pa t t e rn s  of  puff ing and  inha- 
la t ion but  also showed  only  re la t ively  weak  pos i t ive  re la t ions  
b e t w e e n  the  m e a s u r e s  o f  the lnhalat~on vo l um es  and  m d e x e s  
of  a lveo la r  smoke  uptake ,  such as p la sma  m c o t m e  or  C O H b  
boos t s  As m the p r e s en t  e x p e r t m e n t .  A d a m s  et al [1] 
s h o w e d  that  the d e p t h  of  mha la t lon  was  m u c h  less predtc-  

t i r e  m a mult iple  regress ton  analys is  to r  a lveo la r  CO uptake  
than  expec ted  Swt tch lng  s tudtes  using only a hmJted 
n u m b e r  of  subjec ts  have  also faded so far to show stgntficant  
c o m p e n s a t o r y  adap t tons  of  the  dep th  of  inhala t ion  [I 4,26] oi 
dtd not  ana lyze  the data  in this dtrectJon [13] This  is m 
genera l  ag reemen t  wtth  the  fatlure of  this large scale s tudy to 
find s tgnlf icant  sw~tchmg effects  on any of  the mha la to ry  
p a r a m e t e r s  measu red  Th~s s tudy fu r the r  showed  that  inha- 
la t ion eff ic iency could not  be e x p l a m e d  by the dep th  of  inha- 
lat ton,  and thus,  as sugges ted  by A d a m s  et al [1], the rele- 
v a n c e  o f  m h a l a t m n  volume measu re s  has  to be q u e s n o n e d  
w~th re spec t  to the i r  p red ic t ive  va lue  for a lveo la r  smoke  up- 
take 

H o w e v e r ,  a l though  the  dynamtcs  of  smoke  lnhala t ton  are 
sttll poor ly  unde r s tood ,  they r e m a m  of  par t icu lar  r e l evance  
for thei r  p r e s u m e d  re la t ion  to tobacco- re la ted  d tseases  So 
far ep tdemtologtca l  s tudies  relied, for  this par t tcu lar  aspect  
of  smokmg,  on se l f - repor ts  r a the r  than  on ob jec t ive  meas-  
ures  such as mou th  mtake  of  smoke ,  CO or  mCOtlne absorp-  
t ion, and  the o u t c o m e s  of  such  s tudies  are equ ivoca l  Some  
ep ldemlo log lca l  studxes repor ted  increased  r tsks for lung 
c a r c i n o m a  m inhalers  [16], whe rea s  o the r  repor ted  rtsk m- 
c reases  for n o n m h a l e r s  [9,14] These  dtscrepanc~es mtght  be 
u n d e r s t o o d  m the hght  o f  the we l l -documen ted  fact, also 
o b s e r v e d  m the p re sen t  s tudy,  that  se l f -assessments  of  tnha- 
lat lon t end  to be r a the r  poorly re la ted  to the ou t come  of  
o b j e c t | r e  measu res  [24] 
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