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1 Introduction 

 

1.1 Background 

 

Tar and nicotine yields from cigarette mainstream smoke are displayed on cigarette packaging sold on the 

Japanese market. The yields per cigarette are tested under an International Organization for Standardization (ISO) 

smoking regime (ISO Standard 3308, 2012). Thus, tar and nicotine yields are important parameters for quality 

control. They are routinely measured in laboratories to ensure that manufactured cigarettes comply with the 

declared values on the packages. They are determined according to ISO Standards under machine smoking regime 

(ISO Standard 4387, 2008; ISO Standard 10315, 2011; ISO Standard 10362-1, 1999). ISO is a global network of 

the world's leading standardizers; ISO standards are internationally standardized methods. Monitor cigarettes 

prepared by Co-operation Centre for Scientific Research Relative to Tobacco (CORESTA) are used to monitor the 

measurement process of tar and nicotine yields, to ensure measurement is under control. Control chart is used to 

monitor the stability of measurement process (ISO Standard 16055, 2012). For example, Asian collaborative study 

for tar and nicotine yields is carried out annually to determine the level of agreement in yields among participating 

laboratories with using ISO standards. Such collaborative study can be used to assess the statistical variation in 

yields from one testing occasion to the next and to allow laboratories to assess their performance against others 

(Purkis et al., 2012). Cigarette design parameters, such as cigarette weight and filter ventilation, are measured at a 

cigarette manufacturing factory to ensure that manufactured cigarettes comply with the declared tar and nicotine 

values on the packages. Cigarette weight and filter ventilation are known to be major parameters that influence tar 

and nicotine yields. Consequently, tar and nicotine yields are assured to be consistent within the tolerance found in 

ISO Standard 8243 (2013). 

Cigarettes are unique products that smokers use to inhale mainstream smoke into the respiratory system 

(Borgerding and Klus, 2005). It is known that cigarette smoke is a complex mixture of more than 8000 chemical 

compounds (Rodgman and Perfetti, 2013). Smoke constituent yields are generally considered to characterize 

product performance (Belushkin et al., 2015). If features of each cigarette brand are understood based on smoke 

constituent yields objectively, it may allow characterization of each cigarette brand in detail, and the differentiation 

of cigarette brands from each other. However, understanding quality and quantity of cigarette smoke constituents 

other than tar and nicotine is a great challenge. Some of the various difficulties are described below. 

Nicotine is present in cigarette smoke in milligram quantities. The focus of this study, however, are constituents 

with microgram or even nanogram yields. The analysis of these low concentration constituents needs further 

method elaboration compared to tar and nicotine analysis. Extraction and cleanup procedures for target constituents 

from smoke, a complex matrix, need to be optimized. Analytical equipment with high sensitivity needs to be 

purchased, and these are usually very expensive. Each parameter needs to be set appropriately to obtain reliable 

data, and laboratory technicians need to be well trained to carry out the methods. High quality data for smoke 

constituent yields cannot be obtained if one of these requirements is not fulfilled. Purkis et al. (2003) reported that 

there was as much as 10-fold difference in mercury yields in smoke between laboratories when all laboratories used 

methods they considered most suitable. This was a consequence of no standardized method. They concluded that it 
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was not possible to make meaningful comparisons between such data from several sources given the degree of 

inter-laboratory variability. Standardized analytical methods for constituent yields other than tar and nicotine have 

been developed at CORESTA since 1999. CORESTA, founded in 1956, is an association promoting international 

cooperation in scientific research related to tobacco and its derived products. Historically, CORESTA has carried 

out preparatory work for new projects, which are then proposed to ISO by national standardized bodies and liaison 

organizations (Purkis et al., 2012). Currently, ISO standards for constituent measurements in smoke are limited to 

tar and nicotine (as previously mentioned), carbon monoxide (CO) (ISO standard 8454, 2009), menthol (ISO 

standard 13110, 2012), benzo[a]pyrene (ISO standard 22634-1, 2017; ISO standard 22634-2, 2017), and tobacco 

specific nitrosamines (TSNAs) (ISO standard 19290, 2016). 

Cigarettes themselves have variability, which arises from the manufacturing process over time, in addition to the 

variability caused by the measurement. Sources of variability are described in ISO Standard 8243 (2013). 

Short-term variability is attributed to random deviation in production and materials from target values, and these 

variations give rise to corresponding differences in smoke yields. Example sources of medium-term variability are 

such as batch-to-batch changes in materials, grade substitution in the blend, and wear of machinery. Example 

sources of long-term variability are yearly tobacco crop changes, machinery replacement, and supplier change. 

Cigarettes use tobacco leaf, and thus cigarettes are an agricultural product. Therefore, changes in characteristics 

between different crop years are expected, even in the same grade of tobacco (Belushkin et al., 2015). Cigarette 

manufacturers need to characterize this variation and its contributing factors in detail, to develop better quality 

control system for smoke constituent yields. 

Several studies have reported constituent yields other than tar and nicotine in smoke from commercial cigarette 

brands. Detailed information about past studies is summarized in 2.1, 3.1, 4.1, 5.1, 6.1, and 7.1, introduction of 

each Chapter. Currently, the most extensively studied smoke constituents are those that are regulated (Canada, 

2000; Brazil, 2001; Food and Drug Administration (FDA), 2012). Techniques and expertise for studying these 

smoke constituent yields can be expanded and applied to the other smoke constituents which, for example, relate to 

taste and flavor. If features of each cigarette brand are understood based on smoke constituent yields objectively, it 

may allow characterization of each cigarette brand in detail, and the differentiation of cigarette brands from each 

other. In order to achieve this goal, key smoke constituents need to be selected. Then, their analytical methods may 

be developed and validated. Smoke constituent yields from reference cigarettes are measured and compared 

periodically within a laboratory to ensure the long-term stability of methods. Means and standard deviations for 

smoke constituent yields from each cigarette brand are monitored through data accumulation over time, once 

stability of the method is understood. Factors affecting constituent yields are studied and statistically understood. 

In addition to the study of smoke constituent yield variation within a given commercial cigarette brand over time, 

it is also important to compare smoke constituent yields from one commercial cigarette brand with others. One of 

the studies across cigarette brands is a benchmarking study. The Canadian Tobacco Reporting Regulations defines 

benchmark as a linear relationship between tar (or nicotine) and each of the smoke constituents (Canada, 2000). 

Given that basic smoke composition is generally consistent across cigarette brands, individual smoke constituent 

yields are expected to track the amount of smoke produced by a given cigarette. The amount of smoke produced by 

a given cigarette can be determined based on measures of general smoke yield, such as tar, nicotine or CO. In 
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principle, individual smoke constituent yields can be estimated from tar, if the yield relationship between the 

individual smoke constituent and tar is established. This approach provides a practical means of producing 

information on individual smoke constituent yields, for all cigarette brands with similar design features available in 

the marketplace, and within a reasonable time-frame (Borgerding et al., 2000). 

It is also important to understand smoke constituent yields in relation to consumer smoking behaviors, because 

the smoke constituent yields are, in most cases, obtained under a standard machine-smoking regime, which does 

not reflect all consumer smoking behaviors. 

The objectives of this study are to present various quality control methods for smoke constituent yields. The 

outcomes are expected to provide a basis for characterizing each cigarette brand in detail, and to differentiate 

cigarette brands from each other. This study consists of three parts: the first part relates to the consideration of 

quality control for smoke constituent yields (other than tar and nicotine), based on quality control systems for tar 

and nicotine yields, and consists of three sections. The first section investigates inter-laboratory variability in 

smoke constituent yields through the analysis of reference cigarettes. The other two sections explore the means and 

standard deviations of constituent yields from mainstream smoke of commercial cigarette brands in the Japanese 

market over time, and their factors for variation. The second part relates to the prediction of smoke constituent 

yields from tar yields using simple linear regression models, and their stability over time. The second part consists 

of two sections. The final part relates to the prediction of smoke constituent yields based on consumer smoking 

behavior, and consists of one section. 

 

1.2 Outline of each section 

 

The consideration of quality control for smoke constituent yields (other than tar and nicotine) is addressed in 

Chapter 2, 3, and 4. 

Long-term variability of smoke constituent yields between laboratories using their own methods is the focus of 

Chapter 2. Most of the studies comparing yields between laboratories have been performed at one time-point, and 

long-term inter-laboratory variability is not known. The objective of this study is to understand the variability of 

measurements in each laboratory (within-laboratory variability), the variability of measurements between 

laboratories (inter-laboratory variability), as well as the inter-laboratory difference (range ratio) for each selected 

smoke constituent. The Kentucky reference 2R4F (KY2R4F), which is widely used as a reference cigarettes for 

smoke constituents other than tar and nicotine in tobacco industry, is used. Forty-one constituents are selected 

based on Canadian Federal Law (Canada, 2000). A total of fifteen analyses were performed at three different 

laboratories over three years between April 2002 and March 2005. Each analysis of selected smoke constituents 

was performed under ISO smoking regime. 

In Chapter 3, the variation in the yields of constituents in smoke from commercial cigarette brands available on 

the Japanese market is addressed. Nineteen commercial cigarette brands were sampled five times at two month 

intervals from 2009 to 2010. The target constituents are benzo[a]pyrene, 1,3-butadiene, benzene, formaldehyde, 

acetaldehyde, acrolein, N-nitrosonornicotine (NNN), 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), CO, 

tar, and nicotine. This study demonstrates the variation associated with cigarette manufacturing and measurement 
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within a laboratory over time on the selected constituent yields in the mainstream smoke of cigarette brands 

available on the Japanese market. The factors influencing the variation, such as the measurement of the constituents, 

the yield of the constituents in the tobacco filler blend, and the yield of charcoal in filter, are studied. Tobacco filler 

blend is blended and cut tobacco used to fill a cigarette tube. In addition, this study presents the variation associated 

with cigarette manufacturing and measurement between laboratories, based on data from this study and other 

studies found in CORESTA Recommended Methods (CRMs) that describe variation between laboratories (CRM 70, 

2014; CRM74, 2014; CRM 75, 2014). 

In Chapter 4, variation in the yields of NNN and NNK from the mainstream smoke of cigarette brands and 

factors affecting this variation is addressed. NNN and NNK are TSNAs and components of leaf tobacco and 

cigarette smoke. NNN and NNK yields in smoke are the most variable constituents, which are shown in Chapter 3. 

There is little study to suggest whether the modification of cigarette design parameters within the range of the 

maintenance of the brand alters NNN and NNK yields from the mainstream smoke. In addition, few studies have 

reported the yields over time of NNN and NNK from the mainstream smoke of commercial cigarette brands in the 

Japanese market within a given brand. Therefore, this study aims to understand variation over time in NNN and 

NNK yields from the mainstream smoke of Japanese commercial cigarette brands. Relationships between 

constituent yield variation in smoke and tobacco filler blend and cigarette design parameters are also evaluated. 

Yields of NNN and NNK from smoke and tobacco filler blend together with cigarette design parameters were 

measured for eleven commercial cigarette brands in Japan from 2009 to 2013. 

The prediction of smoke constituent yields from tar yields using simple linear regression models and their 

stabilities over time are addressed in Chapter 5 and 6. 

The focus of Chapter 5 is the prediction of smoke constituent yields for conventional filter cigarette brands on 

sale in Japan. Benchmarking is generally seen as a process for testing a representative range of cigarette brands 

from a specific market, over a range of different smoke constituents. The yields of measured smoke constituents are 

subsequently related to reliable smoke measures, such as tar, nicotine or CO, by a series of functional relationships. 

The functional relationships are then used to estimate the yields of smoke constituents for brands that are not tested 

in the measurement exercise. Therefore, brands for which smoke constituent yields are predicted must have design 

parameters that lie within the range of values of the brands used to define the functional relationships. The 

objective of this study is to evaluate functional relationships for estimating mainstream smoke constituent machine 

yields for conventional filter cigarette brands in Japan. The Japanese market can be regarded as unique. Firstly, the 

Japanese market is characterized by a diversity of different blend styles. Secondly, cigarette brands on sale show a 

wide range of ISO tar yields, from 1 to 21 mg/cig. Thirdly, carbon filter products have a large market share. In 

order to evaluate how tobacco leaf and filter technology may affect the prediction of smoke constituent yields, a 

representative sample of cigarette brands form the Japanese market accounting for about 90 % of cigarettes on sale 

are investigated. The sample is composed of American blended and non-American blended (i.e., Virginia and 

domestic) cigarette brands, contributing to 80 and 20 % respectively. Half of the brands had filters with activated 

charcoal. The market sample is divided into an exploratory subset of brands, from which prediction equations are 

developed. A validation subset of brands is then used to assess the validity of the prediction. 

In Chapter 6, the stability of the regression models is addressed. As mentioned previously, most of the available 
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datasets are obtained at a single time-point. In order to use a functional relationship over a longer period, it is 

essential to know its stability. The objective of this study is to examine the functional relationships for predicting 

smoke constituent yields obtained from conventional cigarette brands in the Japanese market for different years and 

the stability of the smoke profile over time. Thirty-six Japanese market cigarette brands were used in 2002, 

thirty-six in 2005 and eleven in 2007. The same brands were selected for 2002 and 2005. The cigarette brands in 

2007 were selected from those within the range of brand specifications in 2005. American blended brands were 

selected since they are popular in the Japanese market. 

The prediction of smoke constituent yields based on consumer smoking behavior is addressed in Chapter 7. 

Estimation of smokers’ mouth level exposure (MLE) to smoke constituents based on a nicotine part-filter method 

is addressed. Individual smokers exhibit a wide range of puffing behaviors (US Department of Health and Human 

Services, 1988). Therefore, the level of exposure in individual smokers to mainstream smoke constituents varies 

considerably, even for users of the same brand of cigarettes. Many attempts have been made to estimate human 

smoke exposure from cigarettes (Benowitz, 2001; Pritchard and Robinson, 1996; Scherer, 1999; Stephen et al., 

1989). Filter analysis using spent cigarette filters is a noninvasive method to estimate human smoke exposure (e.g., 

Baker et al., 1998; Polzin et al., 2009; Shepperd et al., 2006; St.Charles et al., 2009, 2006; Watson et al., 2004). 

Filter analysis is based on the premise that the amount of a given constituent passing through a filter is proportional 

to the amount retained in a spent cigarette filter. A smoker’s MLE to a given constituent can be estimated from the 

amount of the constituent retained in spent cigarette filters from smokers by utilizing calibration curves from 

several smoking regimes reflecting various human yield levels. Few studies have examined the ranking of mean 

MLE estimates of cigarette brands using various machine-smoking yields. The objectives of this study are (1) to 

generate calibration curves for forty-seven smoke constituents, (2) to estimate MLE to selected smoke constituents 

using Japanese smokers of commercially available cigarettes covering a wide range of ISO tar yields (1–21 

mg/cigarette), and (3) to investigate relationships between MLE estimates and various machine-smoking yields. 

Cigarette brands are machine-smoked under seven different smoking regimes, and smoke constituent yields and 

nicotine content in part-filters are measured. Calibration curves are then generated. Spent cigarette filters are 

collected from a target of fifty smokers for each of the fifteen brands. Nicotine content in part-filters is then 

measured and MLE to each smoke constituent is estimated. 

Chapters 2 and 6 are related to presentations made at CORESTA congresses in 2006 and 2009, respectively. 

Chapters 3, 4, 5, and 7 are based on Hyodo (2017), Hyodo et al. (2015), Hyodo et al. (2007), and Hyodo et al. 

(2013), respectively. As described above, CORESTA promotes international cooperation in scientific research 

relative to tobacco and its derived products. CORESTA organizes yearly meetings in which scientific papers are 

presented, as well as reports and results of studies and surveys. 
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2 Long-term inter-laboratory comparisons of selected smoke constituents in KY2R4F mainstream smoke 

 

2.1 Introduction 

 

Recently, the regulation of smoke constituents other than tar, nicotine, and CO has been enforced in some 

countries and regions, and this is expected to expand further. Measurement of selected smoke constituents is 

performed in facilities including cigarette manufacturers and commercial laboratories. The yields of the selected 

smoke constituents are in the order of microgram or nanogram per cigarette, which is smaller than that of tar, 

nicotine, or CO. There was no internationally standardized analytical method for measuring these constituents. 

Selected smoke constituent yields measured in different laboratories have been reported (Purkis et al., 2003; Chen 

and Moldoveanu, 2003; Hsu et al., 1999; Gregg et al., 2004). According to these reports, the inter-laboratory 

differences of selected smoke constituent yields are greater than those of tar, nicotine, or CO. These studies are 

performed at one point in time measurements and long-term inter-laboratory variability has not been known. 

Long-term research is needed to understand a true figure of the laboratory difference. Therefore, we perform 

inter-laboratory comparison study over time. 

The objective of this study is to understand the variability of measurements in each laboratory (within-laboratory 

variability), the variability of measurements among laboratories (inter-laboratory variability), as well as the 

inter-laboratory difference (range ratio) for each selected smoke constituent using long-term data in Kentucky 

reference 2R4F (KY2R4F) mainstream smoke measured in three different laboratories. 

 

2.2 Materials and methods 

 

2.2.1 Selected smoke constituents in mainstream smoke 

 

KY2R4F was used as the sample for the study. To minimize variation between samples as far as possible, 

samples were sorted out based on cigarette weight (1,060 ± 30 mg), pressure drop (165 ± 7 mm H2O), and filter 

ventilation (28 ± 4 %). Analysis of selected smoke constituents was performed in three independent laboratories. 

The forty-one constituents that are similar to the constituents specified by Canadian Federal Law (Canada, 2000) 

were selected as the target constituents. These are listed in Table 2-1. Selected smoke constituents were analyzed 

according to the analytical methods used in each laboratory. Measuring the yields of constituents was repeated five 

times per project. A total of fifteen projects were performed over three years between April 2002 and March 2005. 
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Table 2-1 

List of selected smoke constituents. 

Carbonyls Ammonia 

Formaldehyde Volatile organic compounds 

Acetaldehyde 1,3-Butadiene 

Acetone Isoprene 

Acrolein Acrylonitrile 

Propionaldehyde Benzene 

Crotonaldehyde Toluene 

Methyl ethyl ketone: MEK Semi volatiles 

Butyraldehyde Pyridine 

Phenolics Quinoline 

Hydroquinone Styrene 

Resorcinol Nitrosamines 

Catechol N-nitrosonornicotine: NNN 

Phenol N-nitrosoanatabine: NAT 

m+p-Cresol N-nitrosoanabasine: NAB 

o-Cresol 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone: 

 NNK 

Benzo[a]pyrene: B[a]P Mercury: Hg 

Aromatic amines Trace metals 

1-Aminonaphtkelene: 1-AN Lead: Pb 

2-Aminonaphtkelene: 2-AN Cadmium: Cd 

3-Aminobiphenyl: 3-AB Chromium 

4-Aminobiphenyl: 4-AB Nickel 

Nitric oxide: NO Selenium 

Hydrogen cyanide: HCN Arsenic 

 

2.2.2 Data analysis 

 

The methods used to calculate the basic statistical values are shown below: 

The average and standard deviation for each laboratory, and total average were calculated using the average of 

five replicate data in one project (total 15 pieces of data:   ). 

i: Laboratory ( i=1, … p), j: Number of projects (j=1, … m),  

p: Number of laboratories (3), m: Number of projects (15) 
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Average of a laboratory: 

 

 

Standard deviation of a laboratory:  

 

 

Total average: 

 

The calculation for the within-laboratory variability, the inter-laboratory variability, and the range ratio are 

shown below: 

The within-laboratory variability was defined as the relative within-laboratory standard deviation in this study. 

The within-laboratory standard deviation was calculated as the average of the standard deviations of each 

laboratory. 

 

Relative within-laboratory standard deviation:  

 

 

Within-laboratory standard deviation:  

 

The inter-laboratory variability was defined as the relative inter-laboratory standard deviation in this study. The 

inter-laboratory standard deviation was calculated as the standard deviation of the averages of all laboratories. 

 

Relative inter-laboratory standard deviation: 

 

 

Inter-laboratory standard deviation:  

 

To evaluate the difference in the yields among the three laboratories for each project, the range ratio was used in 

this study. The range ratio of each project was calculated for each constituent as the ratio of the maximum yields 

and minimum yields. The average range ratio was the average of the fifteen range ratios. 

Range ratio (%):
 
(             ) (             )

((             )
     

 These calculations were applied to each constituent. 
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2.3 Results 

 

The yields for chromium, selenium, nickel, and arsenic were mostly below the limit of detection (LOD) or limit 

of quantification (LOQ), then data analysis for them were not conducted. 

 

2.3.1 Within- and inter-laboratory variability 

 

2.3.1.1 Gas and vapor phase constituents 

 

Among the selected smoke constituents analyzed in this study, the within- and inter-laboratory variability of 

constituents in the gas and vapor phase are shown in Fig. 2-1. Phase assignment was referred to The 1999 

Massachusetts Benchmark Study Final Report (Borgerding et al., 2000). The variability of CO in Chen and 

Moldoveanu (2003) was used. The within- and inter-laboratory variability of selected smoke constituents differed 

by constituents. The within-laboratory variability ranged from 5 % to 16 %, which was greater than the variability 

of CO (4 %). The inter-laboratory variability ranged from 4 % to 30 %, which was greater than the variability of 

CO (3 %). In particular, the large inter-laboratory variability was observed in crotonaldehyde, methyl ethyl ketone, 

1,3-butadiene, toluene, styrene, and mercury. 

 

Fig. 2-1. Within- and inter-laboratory variability of gas and vapor phase constituents. 

 

2.3.1.2 Particulate phase constituents 

 

Among the smoke constituent constituents in this study, the within- and inter-laboratory variability of 

constituents in the particulate phase are shown in Fig. 2-2. The variability of tar and nicotine were refereed from the 

results of Chen and Moldoveanu (2003). The within- and inter-laboratory variability of selected smoke constituents 

differed by the constituents. The within-laboratory variability ranged from 4 % to 26 %, which was generally 
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greater than the variability of tar and nicotine (5 %). The inter-laboratory variability ranged from 1 % to 33 %, and 

the variability of some constituents was far greater than the variability of tar and nicotine (3 %). Those constituents 

were aromatic amines, resorcinol, o-cresol, and pyridine. 

 

Fig. 2-2. Within- and inter-laboratory variability of particulate phase constituents. 

 

2.3.2 Range ratio 

 

The difference in yields of selected smoke constituents between laboratories was obtained by calculating the 

range ratio for each constituent and each project (total fifteen). The range ratios of each constituent are summarized 

in a box-plot and shown in Fig. 2-3. Constituents that showed high range ratios were aromatic amines, 

crotonaldehyde, and pyridine. These constituents had high inter-laboratory variability in the result of 2.3.1.1. For 

2-Aminonaphthalene, the range ratios differed greatly from a minimum of 43 % to a maximum of 268 % by 

projects. It means that the inter-laboratory comparison at one-time projects sometimes leads to under or over 

estimation of the inter-laboratory difference. This suggests that it is important to accumulate long-term data to 

understand the laboratory differences. 

 

2.4 Discussion 

 

The yields of each selected smoke constituent in KY2R4F mainstream smoke had been obtained by fifteen 

different occasions over three years, and they were compared among three laboratories in order to understand the 

long-term inter-laboratory differences. The within- and inter-laboratory variability of the constituents was greater 

than those of tar, nicotine, and CO. This was similar to the results reported in previous papers (Purkis et al., 2003; 

Chen and Moldoveanu, 2003). The inter-laboratory differences of the highest to the lowest yields of the 

constituents were compared for each project (15 projects). The results showed that the inter-laboratory differences 

of most of the constituents differed considerably by projects. This indicates that the evaluation of the 
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inter-laboratory differences should be based not on one-time project but on long-term inter-laboratory comparison 

studies. It should be also noted that this study considered only three laboratories and more laboratories are required 

to know and analyze the true figure of inter-laboratory differences globally. 

 

Fig. 2-3. Range ratios of highest to lowest yields (%). 

* Figures in the graph indicate the number of projects. 
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3 Selected constituent yield variation in the smoke of commercial cigarette brands on the Japanese market 

 

3.1 Introduction 

 

The regulatory pressure on tobacco products is being reinforced globally. The constituents of cigarette smoke, 

other than tar and nicotine, have received increasing attention in recent years. The World Health Organization 

(WHO) Study Group on Tobacco Product Regulation has recommended benzo[a]pyrene, 1,3-butadiene, benzene, 

formaldehyde, acetaldehyde, acrolein, NNN, NNK, and CO as the priority constituents in cigarette smoke that need 

to be reduced (WHO, 2008). CRMs provide analytical methods for yields of these constituents, including their 

repeatability and reproducibility (CRM58, 2014; CRM70, 2014; CRM74, 2014; CRM75, 2014). In addition, the 

CRMs have been further developed at ISO. 

There are not a great number of studies on the variation in the yields of constituents in smoke within a given 

commercial cigarette brand over time (Belushkin et al., 2015; Eldridge et al., 2015; Hanna et al., 2014; Hyodo et al., 

2015; Minagawa et al., 2012; Morton et al., 2008; Rickert et al., 2008; Oldham et al., 2014). The important point 

from these studies is that the variation in the yields of smoke constituents is associated with cigarette manufacturing 

and measurement, and that they cannot be calculated separately. The variation associated with cigarette 

manufacturing, out of the total variability, is evaluated by comparing the coefficient of variation (CV) values of 

monitor cigarettes and commercial cigarette brands (Eldridge et al., 2015; Hanna et al., 2014). The measurement 

variation in the yields of 1,3-butadiene in smoke is highlighted since similar trends were observed in commercial 

cigarette brands and monitor cigarettes (Eldridge et al., 2015). Piade et al. (2013) summarized the precursors and 

possible selective filtration of smoke constituents that are targeted in this study. The factors affecting the variation 

in the yields of NNN and NNK in smoke have been reported and explained by their yields present in the tobacco 

filler blend (Eldridge et al., 2015; Hyodo et al., 2015; Rickert et al., 2008). 

Studies on variation in the yields of smoke constituents other than NNN and NNK have not been published with 

commercial cigarette brands available on the Japanese market. Many cigarette brands on the Japanese market use 

charcoal filters. The effect of charcoal filtration on carbonyl reduction in mainstream cigarette smoke is reported 

(Morabito et al., 2017). The study used filters of commercial cigarette brands which were modified to contain three 

to four different levels of charcoal in filters. However, there are no studies that report the influence of the amount 

variation of charcoal in the filter on the yields of the constituents in the vapor phase within a given brand. 

The cigarette itself and the laboratory measurement are two major sources of statistical variation. Both of these 

sources result in fluctuations over short and long-term. Measurements may also vary between laboratories, even for 

matched cigarette samples. In the context of package labeling, the yields of tar, nicotine, and CO are determined 

from laboratory tests carried out by the manufacturer on cigarettes sampled from production. Checks by a 

designated laboratory occur later, after the manufacturer has determined and printed its values on the cigarette 

package (ISO Standard 8243, 2013). ISO Standard 8243 provides the estimated typical confidence intervals in the 

yields of tar, nicotine, and CO (ISO Standard 8243, 2013). These confidence intervals are represented by 

repeatability and reproducibility calculated from matched cigarette samples (ISO/TR 22305, 2006). Currently, the 

confidence intervals have not been set for constituents other than tar, nicotine, and CO under the ISO smoking 
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regime. In addition, no studies have reported variation over time that accounts for both cigarette manufacturing and 

measurement between laboratories. CORESTA Cigarette Variability Task Force has been conducting a long-term 

collaborative study since 2015 to improve the understanding of overall tobacco and smoke constituent variability 

relevant to commercial cigarette design features. 

This study aims to understand variations associated with cigarette manufacturing and measurements within a 

laboratory over time on the selected constituent yields in the mainstream smoke of cigarette brands available on the 

Japanese market. This study investigates factors influencing the variations such as the measurement of the 

constituents, the yields of the constituents in the tobacco filler blend, and the yield of charcoal in filter. In addition, 

this study also aims to explain the variation associated with cigarette manufacturing and measurement between 

laboratories based on data from this study and CRMs that describe variation between laboratories. 

 

3.2 Materials and methods 

 

3.2.1 Cigarette brands 

 

Nineteen commercial cigarette brands from the Japanese market were selected based on labeled yield of tar, 

cigarette length, and cigarette circumference. One commercial brand (No. 20) was selected for evaluating 

measurement variation during this study period. They are summarized in Table 3-1. Ten out of the nineteen brands 

have labeled yields of tar of 3 mg/cigarette or less. In addition, sixteen brands use a charcoal filter, one of the main 

features of cigarette brands in the Japanese market. 

 

3.2.2 Sampling 

 

Seven to ten cartons were collected from the same factory for Japan Tobacco (JT) Group brands, and the same 

warehouse for non-JT Group brands, five times at two month intervals from 2009 to 2010. A single manufacturing 

lot was used for all testing of each sampling. All five batches were confirmed to be from different batches because 

batch codes on the cartons were different for the five samplings. There were no changes in the labeled yield of tar 

and nicotine for each brand during the study period. Brand No. 20 was collected at the first sampling and 

refrigerated at 4 °C. This brand was measured at the same time the nineteen brands were measured every two 

months. 
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Table 3-1 Cigarette brand specifications. 

aCigarette length: Regular 83-85 mm, Long 97-100 mm / bCigarette circumference: Regular 24-26 mm, Slim, 22-23 mm. / cFilter type: 

AC = Acetate Charcoal filter, A = Acetate filter. 

Brand No. 20 was used for evaluating measurement variation during this study. 

 

 

3.2.3 Analytical methods 

 

All constituents and design parameters were measured at JT laboratories. Test cigarettes were conditioned at 

22 °C and 60 % relative humidity (ISO Standard 3402, 1999). Filter ventilation, draw resistance, circumference, 

cigarette weight, and tobacco weight were measured as basic physical properties. The charcoal amount in the filter 

was weighed after soaking the filter in acetone, separation into filter tow and charcoal, and drying. The target 

constituents in mainstream smoke were benzo[a]pyrene, 1,3-butadiene, benzene, formaldehyde, acetaldehyde, 

acrolein, NNN, NNK, tar, nicotine, and CO. Tar, nicotine, and CO yields were analyzed based on the relevant ISO 

Standards (ISO Standard 3308, 2012; ISO Standard 4387, 2008; ISO Standard 10315, 2011; ISO Standard 10362-1, 

1999; ISO Standard 8454, 2009). The total particulate matter (TPM) was calculated from the difference in weight 

of glass fiber filters (Cambridge filters) used for smoke collection before and after machine-smoking. Nicotine and 

water yields were analyzed by gas chromatography (GC) after extraction from the Cambridge filters with 

2-propanol. The yield of tar was calculated by subtracting the yields of nicotine and water from the TPM yield. CO 

was analyzed using a non-dispersive infrared analyzer. Benzo[a]pyrene was extracted from the Cambridge filters 

with cyclohexane, concentrated, then the yield was determined by high performance liquid chromatography 

(HPLC) with fluorescence detection (Health Canada, 1999a). 1,3-Butadiene and benzene were collected by passing 

Labeled Tar Labeled Nicotine Lengtha Circumferenceb Filter typeC Manufacturer

(mg/cig) (mg/cig) (mm) (mm)

1 1 0.1 Regular Regular AC JT

2 1 0.1 Regular Regular AC non-JT

3 1 0.1 Regular Regular AC non-JT

4 1 0.1 Long Slim A JT

5 1 0.1 Long Regular AC JT

6 3 0.3 Regular Regular AC JT

7 3 0.3 Regular Regular AC non-JT

8 3 0.3 Regular Regular AC non-JT

9 3 0.2 Long Slim A JT

10 3 0.3 Long Regular AC JT

11 6 0.5 Regular Regular AC JT

12 6 0.5 Regular Regular AC non-JT

13 6 0.5 Regular Regular AC non-JT

14 5 0.3 Long Slim A JT

15 6 0.5 Long Regular AC JT

16 6 0.5 Regular Regular AC non-JT

17 10 0.8 Regular Regular AC JT

18 12 1 Regular Regular AC non-JT

19 14 1.2 Regular Regular AC JT

20 6 0.5 Regular Regular A JT

No.
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mainstream smoke through Cambridge filters into cooled methanol in impingers, then the yield was determined 

using GC with mass spectrometry (GC-MS). Deuterated toluene was used as an internal standard in this study, 

although deuterated benzene was used in CRM70 (CRM 70, 2014). Formaldehyde, acetaldehyde, and acrolein were 

trapped as 2,4-dinitrophenylhydrazine derivatives and their yields were determined using HPLC with diode array 

detection (CRM 74, 2014). NNN and NNK were extracted from Cambridge filters used for smoke collection with 

an ammonium acetate solution, and their yields were determined by liquid chromatography (LC) with tandem mass 

spectrometry (CRM 75, 2014). Smoking was performed under ISO and Health Canada Intense (HCI) regimes. Puff 

volume, puff duration, and puff interval for the ISO smoking regime were 35 mL, 2 s, and 60 s, respectively (ISO 

Standard 3308, 2012). Puff volume, puff duration, and puff interval for the HCI smoking regime were 55 mL, 2 s, 

and 30 s, respectively, and filter ventilation holes were 100 % blocked (Health Canada, 1999b). Target constituents 

in tobacco filler blend were nicotine, NNN, NNK, and total reducing sugars. Nicotine yields were analyzed based 

on CRM62 (2005). n-Hexane was used as a solvent. NNN and NNK were extracted from ground tobacco filler 

blend using an ammonium acetate solution and their yields were determined by LC with tandem mass spectrometry 

(Wagner et al., 2001). The level of reducing sugars was determined using a continuous flow analyzer by monitoring 

the decrease in color caused by reduction of yellow hexacyanoferrate(III) to colorless hexacyanoferrate(II) as 

measured at 420 nm. The smoke constituent measurement was replicated three to four times. Measurement of the 

nicotine, NNN, NNK, and total reducing sugars in tobacco filler blend were replicated twice. 

 

3.2.4 Data analysis 

 

Mean, standard deviation, and CV of the constituents in smoke and tobacco filler blend and cigarette design 

parameters were calculated with five averaged data points from each sampling. Pearson's correlation coefficients 

were calculated using five averaged data points from each sampling to understand the degree of linear relationship 

between two parameters. Coefficient of determination is the percentage of the response variable variation that is 

explained by a linear model. When the value of Pearson's correlation coefficient is 0.7, then, the value of coefficient 

of determination is 0.49, almost 0.5. Pearson's correlation coefficient of 0.7, which a parameter explains about 50 % 

of the variation of constituent yields, was used in this study. Variance associated with cigarette manufacturing over 

the ten months in this study and repeatability variance from CRMs was combined to understand the variation 

associated with cigarette manufacturing and measurement between laboratories. Reproducibility standard 

deviations for the brands in this study were estimated from simple linear regressions of the mean and 

reproducibility standard deviation of test samples in CRMs. Mean and reproducibility standard deviation were used 

as explanatory and independent variables, respectively. Reproducibility standard deviations for brands in this study 

were calculated from the relevant simple linear regression using the mean value from five averaged data points 

from each sampling by constituents and smoking regimes. 
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3.3 Results 

 

Since two brands for 1,3-butadiene (No. 2, 3), three brands for benzene (No. 2, 3, 8), three brands for 

formaldehyde (No. 2, 4, 5), and two brands for acrolein (No. 2, 3) included yields below LOD or LOQ under the 

ISO smoking regime, they were excluded from the data analysis. 

Mean, standard deviation, and CV by brands, constituents under ISO and HCI smoking regimes are shown in 

Table 3-2-1 and 3-2-2, respectively. Mean, standard deviation, and CV for physical properties and constituents 

found in the tobacco filler blends are shown in Table 3-2-3. CV values varied largely by brands, constituents, and 

smoking regimes. In particular, CV values of the yields of NNN and NNK in smoke and tobacco filler blend 

showed the highest variation among all the constituents in this study. CV values of the yield of NNN in tobacco 

filler blend were beyond 20 % for ten out of nineteen brands. 

Pearson's correlation coefficients between cigarette design parameters and the yields of TPM, tar, and nicotine 

are shown in Table 3-3-1, 3-3-2, and 3-3-3, respectively. The number of brands with Pearson's correlation 

coefficients below -0.7 between filter ventilation and the yield of TPM, tar, and nicotine were twelve12, twelve, and 

eight, respectively, under the ISO smoking regime. Only two brands had Pearson's correlation coefficients above 

0.7 between the yield of nicotine in the tobacco filler blend and the smoke under the ISO smoking regime and three 

under the HCI smoking regime as shown in Table 3-3-3. Pearson's correlation coefficients relating the constituents 

in the smoke for the nineteen brands and brand No. 20 are shown in Table 3-4. Cigarettes from brand No. 20 were 

the monitor cigarettes used to check the stability of the measurement. The number of brands with Pearson's 

correlation coefficients above 0.7 was thirteen3 under the ISO smoking regime and eleven under the HCI smoking 

regime for benzo[a]pyrene. The number of brands with Pearson's correlation coefficients above 0.7 was nine under 

the HCI smoking regime for 1,3-butadiene. Pearson's correlation coefficients between constituents in the tobacco 

filler blend and in the smoke are shown in Table 3-5-1 and 3-5-2. The number of brands with Pearson's correlation 

coefficients above 0.7 between NNN and NNK in tobacco filler blend and in smoke was thirteen and nine, 

respectively, under the ISO and HCI smoking regimes as shown in Table 3-5-1. On the other hand, only a limited 

number of brands showed Pearson's correlation coefficients above 0.7 between total reducing sugar levels in the 

tobacco filler blend and the yield of formaldehyde in the smoke as shown in Table 3-5-2; additionally, the trends 

were largely different between the two smoking regimes. Pearson's correlation coefficients between the amount of 

charcoal in the filter and yields of constituents, namely 1,3-butadiene, benzene, formaldehyde, acetaldehyde, and 

acrolein, are shown in Table 3-6. Brand No. 13 was the only brand that showed Pearson's correlation coefficients 

above 0.7 for five constituents under the ISO smoking regime. The number of brands with Pearson's correlation 

coefficients below −0.7 for the relationship between the yield of charcoal in the filter and the yields of constituents 

were three to four, regardless of the constituents, under the ISO smoking regime. The number of brands was lower 

under the HCI smoking regime. 

Mean, maximum, and minimum CV values associated with both cigarette manufacturing over ten months and 

measurements at different laboratories are shown in Table 3-7. Coefficient of determinations for regression models 

of 1,3-butadiene, benzene, acetaldehyde, and acrolein under the HCI smoking regime were 0.0727, 0.461, 0.1734, 

and 0.0596, respectively. Therefore, CV values were not calculated for four constituents under the HCI smoking 
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regime. Coefficient of determinations was higher than 0.9, except for formaldehyde, under the HCI smoking regime. 

The coefficient of determination for formaldehyde under the HCI smoking regime was 0.7092. The grand mean of 

CV values of the yield of formaldehyde showed the highest values among the constituents. 

 

3.4 Discussion 

 

3.4.1 Cigarette manufacturing 

 

The difference between the average yields of tar and nicotine in each brand in this study and their levels 

displayed on the package were compared with the confidence intervals over a period of time in ISO Standard 8243 

(2013). The differences were within the range of confidence intervals except for the yields of nicotine in brand No. 

13. Physical properties of JT brands were within the range of cigarette specification allowances. Therefore, this 

study provides information regarding normal cigarette manufacturing. 

 

3.4.2 The influence of measurement over the 10-month period variations in the yields of the constituents 

in smoke 

 

Variation associated with measurement, out of the total variation, was evaluated by calculating Pearson's 

correlation coefficients by constituents and smoking regimes between monitor cigarette brand No. 20 and nineteen 

commercial cigarette brands. Thirteen brands had Pearson's correlation coefficients above 0.7 under the ISO 

smoking regime and eleven under the HCI smoking regime for benzo[a]pyrene. This means that the variation in the 

yields of benzo[a]pyrene in smoke was largely influenced by the measurement. When benzo[a]pyrene was 

measured with HPLC-FLD, the difference in peak integration between laboratories affected the yields and 

reproducibility of the measurements (Purkis et al., 2012). Peak integration in the measurement of benzo[a]pyrene in 

smoke might be one factor causing the variation. The number of brands with Pearson's correlation coefficients 

above 0.7 was nine under the HCI smoking regime for 1,3-butadiene. On the other hand, the number of brands was 

lower under the ISO smoking regime. In addition, benzene, which was measured with 1,3-butadiene using the same 

method, did not show the same trend. Therefore, measurement of the yields of 1,3-butadiene in smoke had some 

issues that have to be improved, as reported by Eldridge et al. (2015). Variation associated with measurement was 

not the main source of variation for the yields of the constituents in smoke, except benzo[a]pyrene and 

1,3-butadiene because Pearson's correlation coefficients were not high. Monitoring the variation in the yields of the 

constituents in smoke over time, evaluates the variation associated with cigarette manufacturing and measurement 

simultaneously. Therefore, it is important to measure monitor cigarettes along with commercial cigarette brands to 

understand the stability of the measurement. 
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Table 3-2-1 Mean, standard deviation, and CV by brands, constituents under ISO smoking regime. 

NA: Not Applicable. The constituent in this brand included yields below LOD or LOQ. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Brand Smoking

 No. regime

Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%)

1 JT ISO 1.5 5.2 1.27 6.2 0.14 5.3 2.0 10.7 6.5 2.8 1.73 12.4 6.87 10.6 5.88 13.7 2.63 8.9 101.0 13.3 7.35 15.1 13.0 28.1 6.37 29.6

2 non-JT ISO 1.3 12.9 1.07 13.2 0.11 18.1 1.7 11.9 8.2 2.5 1.49 17.6 NA NA NA NA NA NA 47.5 20.5 NA NA 13.1 30.8 6.67 5.3

3 non-JT ISO 1.4 14.7 1.15 15.6 0.13 13.5 1.4 16.2 6.9 0.9 1.31 15.6 NA NA NA NA 1.76 14.4 46.0 17.9 NA NA 20.5 9.4 8.55 5.7

4 JT ISO 1.2 19.9 1.03 19.2 0.08 17.2 1.7 26.1 7.4 4.8 1.45 27.2 5.68 20.6 5.41 23.8 NA NA 65.1 20.7 4.04 27.1 11.3 36.1 8.22 39.5

5 JT ISO 1.5 16.3 1.24 16.5 0.13 13.6 2.1 12.3 7.8 3.2 1.79 13.3 6.80 12.8 5.74 14.7 NA NA 92.5 23.6 6.07 30.0 14.1 28.4 7.00 25.5

6 JT ISO 4.2 10.1 3.52 10.5 0.35 9.5 4.9 12.2 6.9 1.2 3.58 9.7 16.12 11.8 14.34 9.4 9.02 26.7 264.6 16.8 22.08 22.3 20.2 5.3 10.09 8.6

7 non-JT ISO 3.5 10.3 3.04 10.0 0.28 9.5 3.6 9.3 7.2 1.9 3.55 18.5 11.68 16.0 6.79 27.6 6.64 13.6 161.8 14.7 9.69 21.4 19.7 21.1 15.50 25.0

8 non-JT ISO 3.8 7.8 3.24 7.9 0.34 4.1 3.3 8.4 6.9 3.1 3.19 12.7 10.13 17.8 NA NA 5.36 15.8 119.1 17.3 5.29 36.3 42.2 3.7 20.74 13.9

9 JT ISO 3.1 9.3 2.71 8.5 0.21 9.3 4.6 12.8 7.0 1.1 3.03 22.6 10.70 11.7 11.37 12.2 4.85 16.6 167.4 9.8 11.86 15.1 23.3 25.6 18.67 20.5

10 JT ISO 4.0 7.5 3.40 8.3 0.33 6.6 4.8 7.4 8.0 1.7 3.65 8.6 14.24 14.7 13.26 17.4 7.02 10.9 233.2 6.9 17.56 13.0 21.9 12.0 10.96 5.4

11 JT ISO 7.3 6.1 6.14 5.6 0.54 5.1 7.4 9.2 7.4 1.2 5.86 8.8 22.20 3.7 16.34 2.7 17.02 16.1 342.8 10.3 26.64 14.4 31.7 9.0 18.79 7.6

12 non-JT ISO 7.9 7.9 6.73 7.1 0.57 9.8 7.3 5.8 7.3 2.4 6.20 25.9 26.06 12.3 17.74 16.0 19.10 10.4 375.8 3.2 28.44 7.1 41.2 22.5 32.77 26.9

13 non-JT ISO 7.5 5.5 6.24 5.6 0.61 5.0 6.9 5.5 6.4 1.7 4.53 15.2 23.80 5.0 13.30 18.5 13.38 4.9 277.2 3.6 17.26 8.4 65.8 7.8 31.47 15.2

14 JT ISO 5.9 7.9 5.26 7.8 0.35 8.4 7.8 5.6 6.1 1.8 4.66 13.2 21.46 9.1 21.56 4.2 19.60 16.5 388.0 6.6 30.92 9.1 30.4 12.3 20.45 6.3

15 JT ISO 6.9 4.5 5.85 4.2 0.52 4.4 7.4 3.5 8.5 2.5 5.57 7.3 20.08 13.9 16.92 14.7 12.56 16.5 329.2 12.4 24.64 17.8 34.4 19.7 20.59 21.4

16 non-JT ISO 7.5 4.8 6.40 5.1 0.55 4.4 6.9 5.7 7.7 1.8 5.79 10.5 22.56 6.5 15.48 9.1 17.08 15.8 321.2 9.1 24.28 18.4 31.9 14.5 26.81 17.3

17 JT ISO 12.8 5.6 10.44 4.3 0.88 6.3 11.5 4.9 7.2 1.3 8.43 7.2 35.40 5.1 25.16 4.6 36.60 13.5 519.6 9.0 42.40 15.3 40.4 8.4 25.82 8.4

18 non-JT ISO 14.5 3.4 12.03 3.5 0.97 2.2 12.0 4.4 8.5 1.3 9.10 5.7 43.02 10.6 32.04 7.5 33.10 5.8 609.6 2.4 49.66 4.7 123.6 46.1 77.25 39.3

19 JT ISO 19.1 2.5 14.97 2.5 1.28 2.3 14.3 3.9 7.7 2.0 13.19 9.5 48.48 8.5 31.32 6.6 82.94 3.0 669.6 6.7 64.30 7.6 25.6 9.0 23.99 13.1

20 JT ISO 6.9 1.3 5.87 0.8 0.57 2.1 7.0 1.9 7.3 1.7 5.56 12.9 27.94 4.3 28.20 3.9 16.80 12.3 390.2 5.1 34.88 8.1 27.1 4.5 17.10 6.7

Manufacturer
AcetaldehydeTPM

(mg/cig)

Tar

(mg/cig)

Nicotine

(mg/cig)

Carbon monoxide

(mg/cig)

Puff number

(per cig)

Benzo[a]Pyrene

(ng/cig)

1,3-Butadiene

(μg/cig)

Benzene

(μg/cig)

Formaldehyde

(μg/cig) (μg/cig)

Acrolein

 (μg/cig)

NNN

(ng/cig)

NNK

(ng/cig)
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Table 3-2-2 Mean, standard deviation, and CV by brands, constituents under HCI smoking regime. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Brand Smoking

 No. regime

Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%)

1 JT HCI 26.5 2.4 15.0 1.3 1.08 1.8 21.9 1.7 6.6 0.2 9.24 9.1 84.18 4.3 63.64 3.6 88.50 6.5 1215.8 4.3 137.00 2.4 76.9 24.3 47.05 10.5

2 non-JT HCI 28.5 1.3 16.9 1.6 1.26 4.3 22.4 1.3 8.4 1.5 10.03 12.6 85.02 3.1 65.88 3.4 56.72 6.0 1264.6 3.2 126.80 5.2 85.5 30.2 55.25 21.2

3 non-JT HCI 28.4 4.2 16.1 4.2 1.34 5.1 21.2 2.6 6.8 2.4 8.05 10.3 87.12 3.9 54.68 4.6 41.20 2.6 1102.8 3.1 99.62 4.5 156.0 9.4 69.32 12.6

4 JT HCI 25.2 15.4 16.0 8.6 0.85 7.4 35.4 3.0 7.2 5.4 10.31 20.7 92.04 4.0 72.36 2.5 91.70 10.8 1582.8 4.7 159.60 4.4 73.9 25.6 65.81 11.9

5 JT HCI 25.2 3.1 16.1 2.0 1.20 4.4 25.6 3.7 8.0 1.9 9.88 11.3 95.70 5.5 76.90 3.7 70.34 7.8 1298.4 2.6 140.60 3.4 80.4 16.4 52.13 7.1

6 JT HCI 33.6 2.1 19.0 2.7 1.48 4.7 23.8 1.8 7.7 3.7 11.68 8.7 88.70 4.6 71.14 3.8 92.70 5.5 1274.8 2.0 137.40 2.6 70.7 8.7 40.91 8.5

7 non-JT HCI 28.3 1.7 17.7 1.6 1.29 6.1 21.5 2.5 8.1 1.8 11.92 8.9 79.86 4.8 63.84 5.4 79.72 11.2 1238.6 3.1 117.80 6.1 70.5 26.3 57.16 22.2

8 non-JT HCI 35.0 3.9 19.8 2.0 1.62 2.2 22.7 3.3 7.4 4.1 10.67 9.9 86.46 4.5 55.50 6.5 62.04 10.0 1177.8 3.4 108.20 5.7 168.7 7.2 81.16 12.6

9 JT HCI 28.3 20.4 17.9 13.9 0.98 11.6 35.3 4.9 7.1 4.4 12.34 16.4 89.96 6.1 70.74 3.2 106.90 7.2 1571.4 0.8 159.80 4.0 85.1 24.1 75.59 9.6

10 JT HCI 31.6 1.9 20.3 1.1 1.58 0.9 27.0 1.7 8.8 1.8 12.81 10.1 95.60 6.4 79.52 5.5 84.06 3.6 1376.6 1.0 144.40 2.8 74.4 10.9 42.79 5.7

11 JT HCI 41.6 4.4 23.3 2.9 1.69 2.6 26.2 2.1 8.6 1.9 14.15 9.6 93.22 4.9 72.34 4.5 109.60 3.5 1398.6 3.6 139.40 3.9 83.8 10.3 58.54 7.2

12 non-JT HCI 36.3 2.1 22.0 2.5 1.64 5.6 23.8 2.9 8.4 3.7 13.43 14.4 89.16 6.6 69.56 4.7 95.40 7.2 1306.0 4.5 125.40 5.2 105.7 25.2 83.53 29.3

13 non-JT HCI 38.0 2.5 21.5 1.7 1.75 3.1 22.7 1.7 7.5 2.1 11.53 8.6 90.62 8.1 59.78 9.6 68.10 9.5 1187.2 3.4 111.40 4.5 182.0 2.8 77.34 9.6

14 JT HCI 43.8 4.4 24.1 3.1 1.25 6.0 31.9 2.0 5.8 3.4 12.68 10.5 110.00 4.2 80.80 3.6 138.20 7.8 1626.0 2.7 166.40 3.3 88.8 9.9 64.76 13.2

15 JT HCI 37.9 2.9 23.9 2.6 1.82 4.5 28.8 2.2 9.9 2.4 16.33 10.7 97.96 6.2 82.88 6.5 100.12 5.5 1511.2 3.6 149.60 5.0 97.0 16.9 64.81 21.6

16 non-JT HCI 40.4 2.1 24.0 1.8 1.75 1.9 24.6 2.5 8.7 0.8 14.83 9.5 94.76 5.7 73.66 4.9 110.80 4.7 1326.2 2.2 136.00 3.4 86.8 17.5 77.39 16.2

17 JT HCI 48.3 5.2 27.5 4.0 2.15 5.0 26.8 2.2 9.1 2.7 16.98 8.4 91.44 3.6 70.48 4.6 121.80 4.5 1410.6 2.9 136.00 3.3 85.4 4.7 57.85 7.6

18 non-JT HCI 54.8 5.5 32.2 4.0 2.37 2.9 29.0 4.5 10.3 2.0 19.86 13.6 108.60 4.8 90.44 4.3 119.20 7.3 1656.2 3.4 161.40 5.3 276.1 45.9 169.99 38.6

19 JT HCI 54.6 0.5 31.9 1.1 2.82 1.7 27.9 2.0 10.4 1.1 23.49 7.5 99.18 9.0 76.92 7.4 194.60 4.7 1340.6 4.4 150.20 5.2 47.4 9.4 44.03 10.4

20 JT HCI 36.4 2.1 21.6 1.9 1.68 1.6 24.7 2.6 8.6 1.9 13.11 17.0 93.92 5.9 84.08 4.7 88.80 7.7 1309.6 4.0 131.40 4.7 67.3 4.0 46.75 7.7

Manufacturer
Acetaldehyde

(μg/cig)

Acrolein

 (μg/cig)

TPM

(mg/cig)

Tar

(mg/cig)

Nicotine

(mg/cig)

Carbon monoxide

(mg/cig)

Puff number

(per cig)

Benzo[a]Pyrene

(ng/cig)

NNN

(ng/cig)

NNK

(ng/cig)

1,3-Butadiene

(μg/cig)

Benzene

(μg/cig)

Formaldehyde

(μg/cig)
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Table 3-2-3 Mean, standard deviation, and CV for physical properties and constituents in tobacco filler blend. 

aFilter Ventilation: Brand No 19 did not have filter ventilation holes. / bCharcoal in filter: Brand No 4, 9, 14, and 20 did not include charcoal in filter. 

 

 

 

 

 

 

 

 

 

Brand

 No.

Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%)

1 JT 70.9 2.2 99.7 4.4 24.93 0.1 0.803 0.4 0.504 0.51 20.5 3.7 1.91 2.7 1.64 38.6 0.45 17.5 11.5 4.8

2 non-JT 76.7 1.7 88.3 2.8 24.76 0.4 0.932 0.9 0.602 0.68 47.2 3.8 1.86 5.1 1.41 39.7 0.41 27.7 11.2 3.6

3 non-JT 77.0 2.6 99.4 1.7 24.89 0.1 0.872 0.6 0.536 0.62 56.1 3.7 2.38 3.1 2.32 13.0 0.68 8.3 7.8 5.6

4 JT 81.1 2.7 94.2 5.3 22.59 0.3 0.818 1.1 0.501 1.42 NA NA 1.72 0.8 1.99 23.3 0.76 9.1 8.4 1.1

5 JT 72.1 3.2 98.2 3.6 24.90 0.3 0.939 0.3 0.610 0.55 21.5 4.4 1.91 3.0 1.52 20.9 0.46 13.4 11.1 4.7

6 JT 53.5 6.0 98.7 3.9 24.98 0.2 0.869 0.5 0.575 0.18 24.2 4.8 1.98 2.2 1.02 8.0 0.26 18.1 12.0 2.3

7 non-JT 59.6 3.6 100.9 2.8 24.76 0.3 0.927 1.2 0.598 1.82 47.0 4.7 1.68 2.7 0.86 34.3 0.36 18.3 10.0 4.2

8 non-JT 64.0 1.5 93.7 0.9 24.92 0.1 0.921 0.4 0.587 0.90 56.3 7.1 2.19 2.5 2.19 15.0 0.85 21.6 8.4 3.3

9 JT 67.4 2.2 101.2 3.5 22.67 0.3 0.816 0.5 0.499 1.29 NA NA 1.71 1.7 1.98 24.9 0.77 11.3 8.5 3.4

10 JT 56.4 2.6 95.8 1.9 24.95 0.3 1.003 0.4 0.679 0.25 26.3 1.4 1.98 1.7 1.07 18.0 0.26 8.3 11.9 4.5

11 JT 40.8 6.5 99.9 3.9 25.03 0.3 0.917 0.4 0.644 0.45 29.3 3.0 1.80 1.6 0.92 6.9 0.27 14.7 11.8 2.8

12 non-JT 36.7 6.5 111.7 2.1 24.76 0.3 0.939 0.7 0.619 0.63 47.5 3.4 1.78 2.1 1.22 38.1 0.43 28.0 11.2 7.8

13 non-JT 41.1 3.6 102.7 1.7 24.90 0.1 0.915 0.2 0.586 0.18 56.5 3.8 2.21 2.6 2.10 6.2 0.73 7.2 8.5 2.5

14 JT 53.1 2.4 90.7 3.5 22.69 0.4 0.847 0.3 0.507 0.44 NA NA 1.96 1.5 1.52 21.1 0.52 15.5 8.4 1.8

15 JT 45.3 5.9 95.9 4.5 24.98 0.3 1.062 0.8 0.745 1.00 31.5 4.8 1.79 1.1 0.93 13.4 0.29 29.8 11.7 3.5

16 non-JT 45.3 5.3 91.3 2.4 24.85 0.2 0.927 0.4 0.612 0.86 49.5 3.7 1.76 3.4 1.00 21.0 0.40 19.1 11.9 4.7

17 JT 16.6 10.0 108.4 3.5 24.94 0.2 0.946 0.4 0.666 0.36 34.2 3.4 1.89 1.6 0.85 5.8 0.26 9.5 12.2 2.9

18 non-JT 27.0 4.7 99.7 1.9 24.86 0.2 0.981 0.9 0.712 0.69 48.2 4.0 1.83 0.8 2.72 56.7 0.57 40.1 10.7 3.2

19 JT NA NA 108.6 1.4 24.94 0.1 0.997 0.3 0.706 0.50 35.1 2.4 1.99 1.6 0.41 9.0 0.20 2.8 16.4 3.6

20 JT 40.9 0.9 105.9 0.5 25.04 0.0 0.866 0.2 0.623 0.32 NA NA 2.06 0.9 0.81 6.8 0.39 7.7 11.6 1.4

Manufacturer
Filter Ventilationa

 (%)

Draw  Resistance

(mmH2O)

Circumference

(mm)

Cigarette Weight

(g/cig)

Tobacco  Weight

(g/cig)

Charcoal in Filterb

(mg/cig)

Total reducing sugars

(% dw b)

Tobacco nicotine

(% dw b)

NNN

(μg/g dw b)

NNK

(μg/g dw b)
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Table 3-3-1 Pearson's correlation coefficients between TPM yields and cigarette design parameters. 

aBrand No 19 did not have filter ventilation holes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Brand

 No. Manufacturer Filter Ventilation Draw  Resistance Circumference Cigarette Weight Tobacco  Weight Tobacco nicotine Total reducing sugars Circumference Cigarette Weight Tobacco  Weight Tobacco nicotine Total reducing sugars

1 JT 0.04 -0.07 -0.14 -0.22 -0.64 -0.27 0.39 -0.99 0.38 0.51 -0.07 -0.65

2 non-JT -0.61 0.17 -0.11 0.04 -0.75 0.12 -0.66 -0.36 0.16 -0.34 0.42 -0.43

3 non-JT -0.59 0.77 -0.63 -0.59 -0.79 -0.77 -0.40 0.28 0.55 0.98 0.44 -0.30

4 JT -0.78 0.67 -0.81 0.02 0.05 0.14 0.05 -0.79 -0.21 -0.83 0.37 0.17

5 JT -0.81 0.67 0.11 -0.25 -0.26 0.52 -0.14 0.55 0.36 0.34 0.84 0.37

6 JT -0.82 0.71 0.59 0.04 0.58 0.11 -0.63 0.84 -0.04 -0.07 0.18 0.12

7 non-JT -0.91 0.69 -0.11 -0.45 -0.74 0.45 -0.09 -0.53 -0.82 -0.94 0.67 -0.43

8 non-JT -0.83 0.47 -0.75 -0.37 -0.65 -0.18 -0.18 -0.53 -0.59 -0.29 0.42 -0.28

9 JT -0.90 0.42 -0.08 0.06 -0.22 -0.11 0.35 -0.62 -0.36 0.62 0.52 0.10

10 JT -0.93 0.94 0.39 0.33 0.03 -0.52 0.38 0.55 0.87 0.91 -0.80 0.46

11 JT -0.99 0.87 -0.77 0.72 0.42 -0.53 0.57 0.25 -0.43 -0.54 -0.51 -0.32

12 non-JT -0.65 0.76 -0.91 -0.62 -0.50 0.32 0.35 -0.88 -0.65 -0.68 0.16 0.39

13 non-JT -0.47 0.86 0.83 0.85 0.68 0.32 0.81 0.17 0.32 0.13 0.73 0.39

14 JT -0.97 -0.33 -0.47 0.20 0.22 0.12 -0.39 0.07 -0.03 -0.02 0.57 -0.51

15 JT -0.74 -0.08 0.86 -0.59 -0.36 0.66 0.00 0.50 0.00 -0.15 -0.45 -0.26

16 non-JT -0.90 0.81 -0.63 0.64 0.81 0.27 0.43 -0.59 0.14 -0.42 0.13 0.29

17 JT -0.80 -0.67 -0.01 0.10 0.07 -0.21 0.52 0.01 -0.02 -0.15 -0.04 0.16

18 non-JT 0.04 0.41 -0.17 0.45 0.95 0.26 0.11 -0.28 0.33 0.92 0.08 0.07

19 JT NAa -0.50 -0.80 -0.01 -0.83 0.59 0.31 0.19 0.04 -0.30 -0.56 0.25

20 JT 0.42 -0.62 0.56 0.40 0.32 -0.62 0.37 0.01 -0.09 -0.11 -0.17 0.50

HCI smoking regimeISO smoking regime
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Table 3-3-2 Pearson's correlation coefficients between tar yields and cigarette design parameters. 

bBrand No 19 did not have filter ventilation holes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Brand

 No. Manufacturer Filter Ventilation Draw  Resistance Circumference Cigarette Weight Tobacco  Weight Tobacco nicotine Total reducing sugars Circumference Cigarette Weight Tobacco  Weight Tobacco nicotine Total reducing sugars

1 JT 0.30 -0.13 -0.43 0.26 -0.09 -0.59 0.19 -0.44 0.30 0.09 -0.70 -0.12

2 non-JT -0.63 0.20 -0.19 -0.02 -0.77 0.11 -0.62 0.11 0.23 -0.68 0.19 -0.74

3 non-JT -0.41 0.61 -0.72 -0.52 -0.70 -0.69 -0.51 0.28 0.58 0.97 0.56 -0.21

4 JT -0.73 0.57 -0.84 0.11 0.14 0.06 0.14 -0.70 -0.29 -0.88 0.37 0.17

5 JT -0.84 0.72 0.06 -0.29 -0.30 0.45 -0.18 0.63 0.64 0.73 0.67 0.34

6 JT -0.85 0.76 0.54 0.06 0.65 0.09 -0.69 0.79 -0.13 -0.26 0.28 0.35

7 non-JT -0.93 0.75 -0.02 -0.42 -0.76 0.51 0.00 -0.92 -0.62 -0.74 0.01 -0.84

8 non-JT -0.87 0.59 -0.82 -0.38 -0.68 -0.26 -0.25 -0.33 -0.20 0.28 0.32 -0.47

9 JT -0.84 0.42 -0.14 -0.09 -0.32 -0.06 0.22 -0.63 -0.45 0.54 0.51 0.00

10 JT -0.96 0.91 0.33 0.27 0.03 -0.48 0.33 0.19 0.53 0.69 -0.76 0.16

11 JT -0.99 0.93 -0.76 0.77 0.52 -0.60 0.46 0.24 -0.45 -0.22 -0.22 -0.69

12 non-JT -0.69 0.73 -0.95 -0.67 -0.52 0.23 0.24 -0.90 -0.69 -0.51 0.27 0.19

13 non-JT -0.49 0.88 0.85 0.79 0.64 0.23 0.74 0.36 0.68 0.35 0.80 0.65

14 JT -0.97 -0.25 -0.52 0.16 0.23 0.06 -0.29 -0.35 0.20 0.08 0.25 -0.63

15 JT -0.78 -0.02 0.80 -0.69 -0.49 0.72 -0.10 0.83 -0.10 -0.02 -0.11 -0.01

16 non-JT -0.91 0.79 -0.67 0.65 0.81 0.27 0.47 -0.77 0.25 0.35 0.73 0.66

17 JT -0.84 -0.67 0.03 0.07 0.07 -0.28 0.57 0.17 -0.25 -0.40 -0.26 0.40

18 non-JT 0.00 0.50 -0.23 0.41 0.97 0.17 0.17 -0.17 0.46 0.94 0.04 0.09

19 JT NAb -0.34 -0.89 0.29 -0.99 0.59 -0.06 -0.33 0.47 -0.46 -0.01 -0.07

20 JT 0.17 -0.53 0.47 0.17 0.05 -0.52 0.38 0.27 -0.11 -0.16 -0.09 0.68

HCI smoking regimeISO smoking regime
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Table 3-3-3 Pearson's correlation coefficients between nicotine yields and cigarette design parameters. 

cBrand No 19 did not have filter ventilation holes. 

 

Table 3-4 Pearson's correlation coefficients relating the constituents in the smoke for the nineteen brands with brand No. 20. 

NA: Not Applicable. The constituent in this brand included yields below LOD or LOQ. 

 

Brand

 No. Manufacturer Filter Ventilation Draw  Resistance Circumference Cigarette Weight Tobacco  Weight Tobacco nicotine Total reducing sugars Circumference Cigarette Weight Tobacco  Weight Tobacco nicotine Total reducing sugars

1 JT -0.65 0.42 -0.14 -0.66 -0.74 0.57 0.22 0.92 -0.38 -0.35 0.03 0.29

2 non-JT -0.67 0.38 -0.20 -0.05 -0.92 0.23 -0.69 0.01 0.31 -0.76 0.61 -0.81

3 non-JT -0.39 0.54 -0.70 -0.46 -0.79 -0.53 -0.36 0.10 0.54 0.73 0.67 -0.14

4 JT -0.66 0.45 -0.92 0.07 0.07 -0.07 0.36 -0.63 -0.10 -0.84 0.35 0.19

5 JT -0.67 0.53 0.21 -0.15 -0.22 0.70 -0.16 0.79 0.74 0.77 0.66 0.76

6 JT -0.79 0.60 0.63 -0.13 0.43 0.33 -0.50 0.71 -0.23 -0.29 0.45 0.42

7 non-JT -0.75 0.44 -0.47 -0.56 -0.69 0.23 -0.45 -0.56 -0.36 -0.45 -0.08 -0.54

8 non-JT -0.71 0.32 -0.62 -0.44 -0.69 -0.07 -0.01 -0.03 0.70 0.85 -0.03 -0.78

9 JT -0.96 0.56 0.17 0.09 -0.24 -0.35 0.37 -0.60 -0.49 0.60 0.49 -0.03

10 JT -0.95 0.75 0.27 0.02 -0.02 -0.21 0.34 0.61 0.02 -0.41 0.20 0.64

11 JT -0.91 0.71 -0.67 0.69 0.50 -0.18 0.63 0.34 -0.12 0.53 0.17 -0.98

12 non-JT -0.69 0.54 -0.95 -0.76 -0.55 0.01 -0.10 -0.97 -0.81 -0.63 0.00 -0.06

13 non-JT -0.29 0.71 0.68 0.83 0.52 0.45 0.74 0.06 0.59 0.03 0.79 0.42

14 JT -0.94 -0.50 -0.30 0.31 0.29 0.30 -0.49 0.02 0.57 0.59 0.56 -0.40

15 JT -0.44 -0.38 0.83 -0.62 -0.49 0.40 -0.36 0.95 -0.16 0.07 0.21 0.24

16 non-JT -0.93 0.83 -0.71 0.66 0.82 0.31 0.54 -0.21 -0.08 0.27 0.79 -0.06

17 JT -0.53 -0.70 -0.17 0.04 -0.10 -0.04 0.67 0.14 -0.16 -0.30 -0.17 0.21

18 non-JT -0.10 -0.14 -0.06 0.25 0.57 0.68 -0.32 0.24 0.38 0.38 0.52 -0.65

19 JT NAc -0.53 -0.90 0.37 -0.75 0.72 -0.01 -0.95 0.56 -0.35 0.97 -0.41

20 JT 0.74 -0.79 -0.02 0.78 0.98 -0.85 -0.22 0.56 0.65 0.64 -0.44 0.11

HCI smoking regimeISO smoking regime

Brand

 No. Manufacturer Benzo[a]Pyrene 1,3-Butadiene Benzene Formaldehyde Acetaldehyde Acrolein NNN NNK Benzo[a]Pyrene 1,3-Butadiene Benzene Formaldehyde Acetaldehyde Acrolein NNN NNK

1 JT 0.90 -0.14 -0.33 -0.06 -0.13 -0.06 -0.97 -0.19 0.80 0.86 0.06 0.28 0.64 0.64 0.67 0.64

2 non-JT 0.95 NA NA NA 0.20 NA 0.47 -0.13 0.62 0.83 -0.50 0.27 -0.10 -0.14 -0.58 -0.28

3 non-JT 0.72 NA NA 0.13 0.06 NA 0.40 -0.05 0.52 0.39 0.96 -0.30 0.32 0.54 -0.21 -0.40

4 JT 0.70 -0.04 0.44 NA 0.33 -0.07 -0.71 0.41 0.99 0.79 -0.16 0.69 -0.82 -0.10 0.44 0.90

5 JT -0.43 0.92 0.31 NA 0.93 0.94 -0.67 -0.45 0.77 0.80 0.35 0.24 0.42 0.27 0.27 0.56

6 JT 0.79 0.61 -0.91 -0.49 -0.08 -0.28 -0.86 0.04 0.77 0.79 0.74 0.07 0.11 0.20 0.21 -0.30

7 non-JT 0.75 0.31 0.82 0.29 0.31 0.47 0.19 0.04 0.76 0.19 -0.20 0.61 0.60 0.31 -0.55 -0.42

8 non-JT 0.87 -0.52 NA -0.12 -0.77 -0.35 0.30 0.38 0.82 0.73 0.18 0.46 -0.77 -0.24 0.04 0.31

9 JT 0.89 0.11 0.34 0.27 0.60 -0.02 -0.71 0.50 0.86 0.56 0.64 -0.31 0.15 0.78 0.43 0.57

10 JT 0.16 0.91 -0.01 0.62 0.92 1.00 -0.81 0.43 0.74 0.85 -0.56 -0.43 -0.64 -0.75 0.83 0.82

11 JT 0.68 -0.73 -0.50 0.65 0.36 0.48 -0.25 0.19 0.77 -0.37 0.22 -0.56 0.30 0.22 0.54 -0.40

12 non-JT 0.97 0.11 -0.01 -0.25 -0.36 0.10 0.09 0.50 0.87 0.68 0.93 0.21 -0.04 -0.01 0.08 0.10

13 non-JT 0.81 -0.82 0.73 0.57 -0.16 -0.10 0.16 0.22 0.60 0.67 0.93 0.28 -0.37 0.15 -0.66 -0.71

14 JT 0.71 0.45 -0.29 0.39 -0.49 0.28 -0.78 -0.40 0.89 0.76 0.75 -0.04 0.70 0.35 0.46 0.72

15 JT 0.80 0.89 0.53 0.89 0.60 0.62 -0.66 0.08 0.50 0.28 0.03 0.01 -0.86 -0.54 0.72 0.13

16 non-JT 0.90 -0.03 0.96 0.06 0.15 0.39 0.77 0.34 0.46 0.75 0.25 -0.38 -0.14 -0.16 -0.20 -0.40

17 JT 0.52 0.75 0.18 0.80 0.24 0.28 -0.83 -0.29 0.21 0.20 0.45 0.48 0.56 0.36 0.40 0.05

18 non-JT 0.84 0.92 0.45 -0.38 0.39 0.66 0.65 0.06 0.33 0.25 -0.20 0.70 0.13 0.31 -0.62 -0.20

19 JT -0.44 0.15 -0.21 -0.09 -0.71 -0.59 -0.37 0.40 0.53 0.18 0.18 0.09 0.20 0.12 0.17 0.40

ISO smoking regime HCI smoking regime
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Table 3-5-1 Pearson's correlation coefficients between NNN and NNK in tobacco filler blend and those in smoke. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Brand

 No. Manufacturer NNN NNK NNN NNK

1 JT 0.92 0.85 0.98 0.76

2 non-JT 0.92 0.98 0.99 0.98

3 non-JT 0.90 0.29 0.84 0.76

4 JT 0.82 0.00 0.96 0.26

5 JT 0.99 0.73 0.96 0.73

6 JT 0.58 -0.23 0.48 -0.10

7 non-JT 0.83 0.25 0.97 0.51

8 non-JT 0.71 0.76 0.87 0.93

9 JT 0.87 0.01 0.92 0.81

10 JT 0.25 -0.49 -0.05 -0.79

11 JT 0.66 0.03 0.62 0.57

12 non-JT 0.91 0.96 0.91 0.97

13 non-JT 0.42 0.75 0.74 0.65

14 JT 0.93 0.50 0.72 0.67

15 JT 0.84 0.82 0.93 0.92

16 non-JT 0.91 0.76 0.93 0.86

17 JT 0.19 0.27 -0.21 0.51

18 non-JT 0.98 0.97 0.97 0.93

19 JT 0.53 0.27 -0.11 0.24

20 JT 0.59 -0.59 -0.66 -0.97

ISO smoking regime HCI smoking regime
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Table 3-5-2 Pearson's correlation coefficients between total reducing sugar levels in tobacco filler blend and the 

yield of formaldehyde in smoke. 

NA. The constituent in this brand included yields below LOD or LOQ. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Brand ISO smoking regime HCI smoking regime

 No. Manufacturer Formaldehyde Formaldehyde

1 JT 0.56 0.73

2 non-JT NA 0.18

3 non-JT 0.80 -0.20

4 JT NA 0.30

5 JT NA 0.93

6 JT -0.64 0.82

7 non-JT 0.53 0.82

8 non-JT -0.27 -0.54

9 JT 0.52 0.14

10 JT 0.80 -0.56

11 JT 0.32 -0.54

12 non-JT 0.05 0.29

13 non-JT -0.33 -0.41

14 JT 0.05 -0.57

15 JT 0.09 -0.43

16 non-JT 0.17 0.18

17 JT -0.12 0.94

18 non-JT -0.21 -0.35

19 JT 0.11 0.90

20 JT -0.54 -0.66
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Table 3-6 Pearson's correlation coefficients between the amount of charcoal in the filter and yields of constituents 

in the vapor phase. 

NA. The constituent in this brand included yields below LOD or LOQ. In addition, brand No 4, 9, 14, and 20 did not include charcoal 

in the filter. 

 

Table 3-7 Mean, maximum, and minimum CV values associated with both cigarette manufacturing over ten months 

and measurements at different laboratories. 

Due to low coefficient of determinations for regression models of 1,3-butadiene, benzene, acetaldehyde, and acrolein under the HCI 

smoking regime, CV values were not calculated for these four constituents. 

 

3.4.3 Variation of NNN and NNK yields in smoke 

 

CV values for the yields of NNN and NNK in smoke and tobacco filler blend showed the highest variation 

among the constituents in this study. In addition, NNN and NNK yields in smoke correlated well with those in the 

tobacco filler blend. Other studies also report these relationships (Eldridge et al., 2015; Hyodo et al., 2015; Rickert 

et al., 2008). Moldoveanu and Borgerding (2008) have studied the formation of NNN and NNK in detail. As typical 

examples, brands No. 18 and No. 1 are shown in Fig. 3-1 and Fig. 3-2, respectively. For brand No. 18, the first to 

Brand

 No. Manufacturer 1,3-Butadiene Benzene Formaldehyde Acetaldehyde Acrolein 1,3-Butadiene Benzene Formaldehyde Acetaldehyde Acrolein

1 JT -0.62 -0.94 -0.30 -0.62 -0.91 0.32 -0.37 0.17 0.22 0.76

2 non-JT NA NA NA 0.57 NA -0.09 0.79 -0.52 -0.68 0.07

3 non-JT NA NA 0.03 0.11 NA -0.82 0.00 0.88 0.60 0.56

4 JT NA NA NA NA NA NA NA NA NA NA

5 JT 0.59 0.12 NA 0.36 0.37 0.21 -0.04 0.00 0.08 -0.15

6 JT 0.36 -0.28 -0.23 -0.18 -0.21 -0.12 -0.43 -0.46 -0.97 -0.69

7 non-JT -0.72 -0.80 -0.41 -0.81 -0.87 0.70 0.34 -0.60 -0.46 -0.81

8 non-JT 0.48 NA 0.49 0.19 0.42 -0.58 0.72 0.96 0.22 0.58

9 JT NA NA NA NA NA NA NA NA NA NA

10 JT -0.22 -0.22 0.59 0.11 0.04 -0.15 -0.48 -0.50 -0.56 -0.51

11 JT 0.43 -0.29 0.98 0.79 0.86 0.00 -0.21 -0.17 0.92 0.93

12 non-JT -0.71 -0.33 -0.81 -0.97 -0.60 -0.44 -0.56 0.25 0.14 0.38

13 non-JT -0.80 -0.85 -0.85 -0.95 -0.84 0.30 -0.12 -0.74 -0.73 -0.96

14 JT NA NA NA NA NA NA NA NA NA NA

15 JT -0.28 -0.35 -0.27 -0.10 -0.03 0.12 0.04 -0.11 -0.21 -0.07

16 non-JT 0.28 -0.67 -0.71 -0.47 -0.51 0.34 0.00 -0.60 -0.73 -0.24

17 JT 0.73 -0.57 0.12 -0.41 -0.40 -0.79 -0.82 0.05 0.00 -0.48

18 non-JT 0.25 0.74 -0.08 0.75 0.80 -0.26 0.70 0.59 0.37 0.92

19 JT 0.53 0.63 -0.91 0.21 -0.11 0.24 -0.40 -0.27 -0.59 -0.63

20 JT NA NA NA NA NA NA NA NA NA NA

ISO smoking regime HCI smoking regime

Min Mean Max Min Mean Max

1,3-Butadiene (%) 17.9 20.4 24.7 NA NA NA

Benzene (%) 17.4 25.6 40.8 NA NA NA

Formaldehyde (%) 16.3 28.4 57.1 21.9 22.9 24.5

Acetaldehyde (%) 10.6 21.4 44.1 NA NA NA

Acrolein (%) 13.7 27.2 55.2 NA NA NA

NNN (%) 12.5 23.8 47.1 13.9 23.7 47.7

NNK (%) 15.2 24.4 44.0 17.8 22.4 41.6

ISO smoking regime HCI smoking regime



27 

 

third batches and fourth to fifth batches contained apparently different yields in both smoke and tobacco filler blend. 

In contrast, it seemed that the data for brand No. 1 showed random variations which might come from normal 

manufacturing without a major blend composition change. The example of brand No. 18 indicates the importance 

of understanding the variation in the yields of smoke constituents over a period of time, rather than at one point in 

time. 

  

Fig. 3-1 (Left). Trend of NNN in smoke and tobacco filler blend for brand No. 18. −○−, NNN in smoke for brand 

No. 18 under HCI smoking regime; ---, NNN in tobacco filler blend for brand No. 18; −Δ−, NNN in smoke for 

brand No. 20 under HCI smoking regime 

 

Fig. 3-2 (Light). Trend of NNN in smoke and tobacco filler blend for brand No. 1. −○−, NNN in smoke for brand 

No. 1 under HCI smoking regime; ---, NNN in tobacco filler blend for brand No. 1; −Δ−, NNN in smoke for brand 

No. 20 under HCI smoking regime 

 

3.4.4 Variation of formaldehyde yields in smoke 

 

Parrish and Harward (2000) have shown that tobaccos with high levels of total reducing sugars tend to give high 

yields of formaldehyde in smoke. Only limited brands showed Pearson's correlation coefficients above 0.7 between 

total reducing sugar levels in tobacco filler blend and the yields of formaldehyde in smoke, and this tendency was 

largely different between the two smoking regimes. For brand No.1, the yields of NNN in tobacco filler blend 

ranged from 1.1 to 2.6 µg/g, which is a 2.4-fold change between batches. On the other hand, the total reducing 

sugar levels in tobacco filler blend ranged from 10.8 to 12.2 %, only a 1.1-fold change. This small range within a 

given brand may not be adequate to demonstrate the relationship. Thus, variation of levels of total reducing sugar in 

tobacco filler blend were not the main factor for the variation for the yields of formaldehyde in smoke. The 

variation for the yields of formaldehyde in smoke might be explained by another factor or the combination of 

various factors. 
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3.4.5 Charcoal filter and smoke constituents in vapor phase 

 

Activated charcoal is well known to have the potential to selectively adsorb many vapor phase constituents from 

mainstream smoke (Baggett and Norie, 1975; Williamson et al., 1965). Brand No. 13 was the only brand which 

showed Pearson's correlation coefficients below −0.7 for all five constituents namely 1,3-butadiene, benzene, 

formaldehyde, acetaldehyde, and acrolein. The average amount of charcoal in the filter of this brand was 56.5 

mg/cig. Some brands had also included nearly the same amount of charcoal in filters, but they did not always show 

the same higher correlation seen with brand No. 13. The effect of carbon in the filter can be influenced by many 

factors such as the weight of the carbon, surface area, and activity (Counts et al., 2004). Since average CV value for 

the amount of charcoal was 3.9 %, this small variation within a single brand may not be adequate to demonstrate 

the relationship. The effect of carbon in the filter has been reported by comparing two linear regressions which 

were established from a wide range of cigarette brands with and without charcoal in the filter on the Japanese 

market (Hyodo et al., 2007). By contrast, variation of the amount of charcoal in the filter within a given brand was 

not the main factor for the variation of five constituents in this study. 

 

3.4.6 Variation in the yields of constituents in smoke over time associated with cigarette manufacturing 

and measurement at different laboratories 

 

The cigarette itself and the laboratory measurements are two major sources of statistical variation. Both of them 

result in short and long-term fluctuations over time, while measurements also vary between laboratories, even for 

matched cigarette samples (ISO Standard 8243, 2013). Confidence intervals have not been set for the yields of 

constituents other than tar, nicotine, and CO under the ISO smoking regime. Thus, standard deviations associated 

with both cigarette manufacturing over ten months and measurements at different laboratories were calculated in 

this study. Since the yield of benzo[a]pyrene in smoke was not measured with CRM58, benzo[a]pyrene was 

excluded from this calculation. Since coefficient of determinations for regression models of 1,3-butadiene, benzene, 

acetaldehyde, and acrolein under the HCI smoking regime were 0.0727, 0.461, 0.1734, and 0.0596, respectively, 

they were also excluded from this calculation. One of the reasons for the lower coefficient of determinations of 

constituents in the vapor phase is vent blocking of cigarettes, and it narrowed the range of yields of constituents for 

the cigarette brands in this study. For example, acetaldehyde yields ranged from 99.96 μg/cig to 694.21 μg/cig 

under the ISO smoking regime, and 836.47 μg/cig to1605.8 μg/cig under the HCI smoking regime. The ratios of 

maximum yields to minimum yields under ISO and HCI smoking regimes were 6.9 and 1.9, respectively. The grand 

mean of CV values for NNN and formaldehyde associated with both cigarette manufacturing over ten months and 

measurement at different laboratories under the ISO smoking regimes were 23.8 % and 28.4 % respectively. The 

grand mean of CV values for NNN and formaldehyde associated with both cigarette manufacturing over ten 

months and measurement at different laboratories under the HCI smoking regimes were 23.7 % and 22.9 % 

respectively. The grand mean of CV values for NNN and formaldehyde associated with cigarette manufacturing 

over ten months and measurement at the JT laboratory under the ISO smoking regimes were 18.4 % and 13.1 % 

respectively. The grand mean of CV values for NNN and formaldehyde associated with cigarette manufacturing 
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over ten months and measurement at the JT laboratory under the HCI smoking regimes were 17.1 % and 6.6 % 

respectively. The grand mean of CV values of the yield of formaldehyde showed the highest increase among the 

constituents when the standard deviation associated with measurement between laboratories was added. This is 

based on the fact that formaldehyde showed the highest CV values for reproducibility among the constituents. 

This study used the yields of constituents in smoke from cigarette brands during 2009 to 2010 that were on the 

Japanese market. Caution must prevail when information from this study is compared to similar information from 

cigarette brands of other markets which have been produced at different times. In order to set realistic and robust 

confidence intervals for constituents, it is important to take into account variations over time associated with 

cigarette manufacturing and variation associated with measurement within and between laboratories. Generating 

enough data through the global cooperation is also important to set confidence intervals. 

 

This study provided the variation in the yields of constituents in smoke from commercial cigarette brands on the 

Japanese market under normal cigarette manufacturing. The nineteen commercial cigarette brands were sampled 

five times every two months from 2009 to 2010. Target constituents were benzo[a]pyrene, 1,3-butadiene, benzene, 

formaldehyde, acetaldehyde, acrolein, NNN, NNK, tar, nicotine, and carbon monoxide. Results showed that CV 

values highly varied by brands, constituents, and smoking regimes. The constituents which showed the most 

variable were NNN and NNK, both in the tobacco filler blend and in the smoke. 

NNN and NNK yields in tobacco filler blend affected NNN and NNK yields in smoke. In addition, measurement 

affected benzo[a]pyrene and 1,3-butadine yields in smoke. However, variation of levels of total reducing sugar in 

tobacco filler blend was not the main factor for the variation for the yields of formaldehyde in smoke. Variation of 

the amount of charcoal in the filter was not the main factor for the variation of the yields of 1,3-butadiene, benzene, 

formaldehyde, acetaldehyde, and acrolein. It was shown that factor for variation were highly varied among 

constituents. 

The standard deviation associated with measurement between laboratories was added to the one associated with 

cigarette manufacturing over ten months and measurement at the JT laboratory in this study. The grand mean of CV 

values of the yield of formaldehyde showed the highest increase among the constituents. This is due to the fact that 

formaldehyde showed the highest CV values for reproducibility among the constituents. In order to set realistic and 

robust confidence intervals for constituents, it is important to take into account variations associated with cigarette 

manufacturing and those associated with measurement within and between laboratories. 
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4 Five-year yield variation in N-nitrosonornicotine and (4-methylnitrosamino)-1-(3-pyridyl)-1-butanone 

from the smoke of commercial cigarette brands on the Japanese market 

 

4.1 Introduction 

 

NNN and NNK are TSNAs and components of leaf tobacco and cigarette smoke. NNN and NNK are classified 

as carcinogenic to humans (Group 1) by the International Agency for Research on Cancer (IARC, 2007) and are the 

constituents that have been paid attention to. It is required that their yields from cigarette smoke be reported to 

some countries, including American and Canadian authorities (Health Canada, 2000; FDA, 2012). Therefore, a 

wide variety of research has been performed on the formation of NNN and NNK in tobacco post-harvest (Andersen 

et al., 1982; Baker, 1999; Hecht et al., 1978; Parsons et al., 1986; Wiernik et al., 1995), the reduction of these yields 

from tobacco (Peele et al., 2001), the direct transfer from tobacco filler blend, which is blended and cut tobacco 

filled in a cigarette tube, to smoke, and the pyrosynthesis of NNN and NNK from tobacco alkaloids (Adams et al., 

1983; Fischer et al., 1990; Hoffmann et al., 1977; Moldoveanu and Borgerding, 2008d; Stepanov et al., 2012; 

Tricker et al., 1991). 

Several studies have reported variation in smoke NNN and NNK yields in cigarettes manufactured at different 

times. The Reference Cigarette Program at the University of Kentucky provided KY1R4F, KY2R4F, and KY3R4F, 

which are widely used in the tobacco industry, as reference cigarettes. Because these reference cigarettes provide a 

basis for data comparison, replacements required the design and manufacture of cigarettes that are as similar as 

possible among KY1R4F, KY2R4F, and KY3R4F. NNN and NNK yields from the mainstream smoke of KY2R4F 

were 24 % and 27 % greater than those of KY1R4F under ISO smoking regime (Chen and Moldoveanu, 2003). It is 

also reported that NNN and NNK yields from the mainstream smoke of KY3R4F were 16 % and 22 % smaller than 

those of KY2R4F under the ISO smoking regime (Roemer et al., 2012). Gaworski et al. (2011) reported the CVs, 

normalized by TPM, of constituent yields from the mainstream smoke of control cigarettes. The control cigarettes 

were manufactured fifty times in seven years. The CV of nicotine yield from smoke was 6 %, whereas the CVs of 

NNN and NNK yields from smoke were about 17 % and 23 %, respectively. 

Several studies have reported the yields of TSNAs from the mainstream smoke of commercial cigarettes over 

time. Swauger et al. (2002) reported a survey of nineteen smoke constituents of commercial cigarettes in the US in 

1995, 1998, and 2000. The number of brands in each survey was twenty-eight, forty, and thirty-seven, respectively. 

Morton and Laffoon (2008) studied the variation of forty constituents, including TSNAs, in twenty-three 

commercial cigarette brands sold in the US. These brands were sampled on a quarterly basis from the first quarter 

of 2004 until the third quarter of 2005. The results suggested that TSNA levels may decrease because of the 

changes in tobacco curing practices. Rickert et al. (2008) reported the trends in TSNAs from six flue-cured 

commercial cigarette brands which were produced in 2003, 2004, and 2005 for the Canadian market. They 

concluded that decreases in TSNA yields from the mainstream smoke corresponded with TSNA level decreases in 

tobacco filler caused by the change from direct-to indirect-fire tobacco curing. Eldridge et al. (2015) reported the 

yield variation of forty-four constituents in smoke from three cigarette brands sold in Germany. Cigarette brands 

were collected monthly for ten consecutive months during 2010 and 2011. They reported that variation in NNK 
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yields from the filler blend is a significant driver of variation in NNK yields from smoke. Belushkin et al. (2015) 

reported the yield variation of NNN, nicotine, and formaldehyde in smoke from Marlboro Gold at three laboratories 

in 2007, 2010, and 2014. 

The chemical composition of tobacco varies by type (e.g., Burley, flue-cured, Orient), cultivar, stalk position, and 

leaf segment. It also varies because of the environmental influences and agronomic practices (Leffingwell, 1999; 

Tso, 1999). Cigarette manufacturers maintain tar and nicotine levels within a certain range by adjusting grades in 

blends and cigarette design parameters based on the modification of non-tobacco materials. Sources of variation 

caused by cigarette manufacturing over a period of time are described in ISO Standard 8243 (2013). Currently, the 

influence of the modification of cigarette design parameters within the range of the maintenance of the brand on 

NNN and NNK yields from the mainstream smoke has not been reported. In addition, few studies have reported the 

yields over time of NNN and NNK from the mainstream smoke of commercial cigarette brands in the Japanese 

market for the same brand. Therefore, this study aims to understand variation over time in NNN and NNK yields 

from the mainstream smoke of Japanese commercial cigarette brands. Relationships between constituent yield 

variation in smoke and tobacco filler and cigarette design parameters are also evaluated within brands. 

 

4.2 Materials and methods 

 

4.2.1 Test cigarettes and sampling plan 

 

Mean, standard deviation, and CV of cigarette design parameters as well as NNN and NNK levels from tobacco 

filler of all tested cigarette brands are shown in Table 4-1. Eleven brands from three major manufacturers, which 

were commercially available in Japan, were selected based on their tar yields determined under the ISO smoking 

regime. Seven to ten cartons were collected from the same warehouse on a single occasion in each year from 2009 

to 2013. Cartons from each brand were confirmed to have the same batch code and to be sourced from the same 

batch on each sampling occasion. All five batches were confirmed to be different because the batch codes on the 

cartons were different for the five samplings. There were no changes in the values of tar and nicotine stated on the 

packaging of each brand during the study period. 

JT laboratories used KY3R4F as a reference to verify stability in the smoking and analytical processes. KY3R4F 

was smoked once or twice a day together with the cigarette brands analyzed in the present study. 

 

4.2.2 Analytical method 

 

All constituents were analyzed at JT laboratories. ISO/International Electrotechnical Commission  

17025-accredited  methods were used for the analysis of the constituents in the mainstream smoke. The 

mainstream smoke constituents selected for analysis were NNN, NNK, tar, nicotine, and CO. Test cigarettes were 

conditioned at 22°C and 60 % relative humidity (ISO Standard 3402, 1999), and then smoked. Smoking was 

performed under ISO and HCI smoking regimes. The puff volume, puff duration, and puff interval for the ISO 

smoking regime were 35 mL, 2 s, and 60 s, respectively (ISO Standard 3308, 2012). For the HCI smoking regime, 
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these values were 55 mL, 2 s, and 30 s, respectively, and filter ventilation holes were 100 % blocked (Health 

Canada, 1999b). Three replicates, each with five cigarettes per Cambridge filter for the ISO smoking regime, and 

three cigarettes per Cambridge filter for HCI smoking regime, were included for the analysis of NNN and NNK. 

Tar, nicotine, and CO in the mainstream smoke were analyzed according to standard methods (Health Canada, 

1999b; ISO Standard 4387, 2008; ISO Standard 8454, 2009; ISO Standard 10315, 2011; ISO Standard 10362-1, 

1999). Four replicates, each with five cigarettes per Cambridge filter for the ISO smoking regime, and ten replicates, 

each with two cigarettes per Cambridge filter for the HCI smoking regime, were included for the analysis of tar, 

nicotine, and CO. TPM was calculated from the difference in the weight of Cambridge filters used for smoke 

collection before and after machine-smoking. After extraction from the Cambridge filters with 2- propanol, nicotine 

and water were analyzed using GC. Tar yield was calculated by subtracting the yields of nicotine and water from 

the TPM yield. CO was analyzed using a non-dispersive infrared analyzer. NNN and NNK were extracted from the 

Cambridge filters used for smoke collection with ammonium acetate solution, and their levels were determined 

using LC with tandem mass spectrometry (CRM 75, 2014). 

The tobacco filler blend constituents selected for analysis were NNN and NNK. These were extracted from 

ground tobacco filler blend using ammonium acetate solution, and their levels were determined by LC with tandem 

mass spectrometry (Wagner and Gillman, 2001). Two replicates were included in each analysis. 

 

4.2.3 Data analysis 

 

Mean, standard deviation, and CV of smoke and tobacco filler yields and cigarette design parameters were 

calculated. Cigarette design parameters included tobacco filler weight, filter ventilation, and pressure drop. 

Pearson's correlation coefficients of NNN and NNK yields from smoke with NNN and NNK yields from tobacco 

filler, cigarette design parameters, and tar, nicotine, CO yields from smoke were calculated. JMP® 11 (SAS 

Institute Inc., Cary, NC, USA) was used for the statistical analyses. 

 

4.3 Results 

 

Mean, standard deviation, and CVs of NNN, NNK, tar, nicotine, and CO yields from smoke are shown in Table 

4-2. The CV ranges of NNN and NNK yields from smoke for each brand over five years were 5.0 %-29.9 % (NNN 

under ISO), 10.0 %-27.9 % (NNK under ISO), 6.3 %-26.3 % (NNN under HCI), and 7.3 %-25.3 % (NNK under 

HCI). When these CVs were compared with those of tar, nicotine, and CO yields in each brand, they were found to 

be much higher for all brands under the HCI smoking regime, and higher for most brands under the ISO smoking 

regime. 

Pearson's correlation coefficients of NNN and NNK yields from smoke with NNN or NNK yields from tobacco 

filler, cigarette design parameters, and tar, nicotine, CO yields from smoke are shown in Table 4-3. Significant 

positive correlations between NNN yields from smoke and tobacco filler blend were observed for seven cigarette 

brands under the ISO regime and four cigarette brands under the HCI regime. Indeed, all brands (except for brand 

No. 5 which showed a negative correlation under the HCI regime) showed relatively high correlations. Correlations 
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between NNK yields from smoke and tobacco filler blend were lower than those for NNN; positive correlations 

were observed for eight cigarette brands, whereas negative correlations were observed for three cigarette brands. 

Although significant correlation coefficients between NNN or NNK yields from smoke and cigarette design 

parameters were partly observed, consistent positive or negative correlations among cigarette brands were not seen. 

In addition, consistent positive or negative correlations among cigarette brands were not observed between NNN or 

NNK yields from smoke and tar or nicotine yields in smoke. 

 

4.4 Discussion 

 

Causes of variation in the yields of smoke constituents include both product and measurement factors. JT 

laboratories used reference cigarettes such as KY3R4F to check the stability of smoking and analytical processes. 

KY3R4F was produced in a short period of time under normal production tolerances and so any variation can be 

regarded as natural variation that is not due to long-term variation in manufacturing. The CVs of NNN and NNK 

yields from the smoke of KY3R4F were both 6.0 % under the ISO smoking regime and 8.1 % and 6.7 % under the 

HCI smoking regime, respectively. When these CVs were compared with NNN and NNK yields from the smoke of 

11 cigarette brands in the present study, they were mostly greater than those of KY3R4F. 

The relationships between TSNAs in tobacco filler blend and in smoke have been previously reported. D'Andres 

et al. (2003) reported that the coefficient of determination for NNN was 0.987 for a set of Burley samples. NNN 

yields from tobacco filler in these samples ranged from 0.50 to 4.06 mg/g dry weight. Stepanov et al. (2012) 

reported that the coefficient of determination for NNN was 0.76 for a set of 17 commercial cigarette brands 

available in the US. The NNN yields from tobacco filler in these samples ranged from 0.33 to 4.03 mg/g wet 

weight. In contrast, NNN yields from tobacco filler blend in the No. 8 cigarette brand, which showed the largest 

CV among brands in the present study, ranged from 1.63 to 1.97 mg/g dry weight. Since the relationships between 

NNN in tobacco filler blend and in smoke were evaluated within the same brand in the present study, the range was 

much smaller than that of the two studies described above. As in these other studies, strong relationships were still 

observed here between NNN in tobacco filler blend and in smoke; although the ranges were much smaller than 

those of the previous studies. It is indicated that NNN yields from tobacco filler blend of the same brand changed in 

relation to changes in crop year and geographic origin, and this led to the change in NNN yields from smoke. 

A positive relationship between NNK levels in tobacco filler and NNK yields in smoke has been reported 

(D'Andres et al., 2003; Stepanov et al., 2012). However, this correlation was not consistent among all brands in our 

study (Table 3-3). The CVs of NNN and NNK yields from a tobacco filler reference material used to monitor 

measurement stability were 4.8 % and 10.8 %, respectively. Therefore, a reason for the poor correlation of NNK 

could be high variation in a long-term measurement. 

It was identified that cigarette design parameters were not the main factors causing variation in NNN and NNK 

yields from smoke, since correlations between cigarette design parameters and NNN and NNK yields from smoke 

were not consistent across all brands in this study. It was evident that the contribution of cigarette design 

parameters was small within the range of normal product maintenance. 

Trends in NNN yields from tobacco filler blend and from smoke for each cigarette brand under the ISO smoking 
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regime are shown in Fig. 4-1. Since NNN yields from smoke under the ISO smoking regime were correlated with 

yields from tobacco filler, the same pattern of NNN yield was observed between tobacco filler blend and smoke. It 

was not shown, but similar trends as those shown in Fig. 4-1 were observed for NNN yields from tobacco filler 

blend and smoke for each cigarette brand under the HCI smoking regime. NNN yields of the cigarettes 

manufactured by company C decreased year by year, whereas the others did not show a clear increase or decrease. 

In recent years, efforts such as seed screening, fertilization, curing, and improving storage conditions have been 

undertaken to reduce the yields of TSNAs (Virginia Cooperative Extension, 2011; University of Kentucky, Virginia 

Tech University, University of Tennessee, and North Carolina State University, 2014). The relationship between 

efforts to reduce TSNA yields in tobacco and the observed decrease in NNN yields for cigarette brands 

manufactured by company C is unknown. However, larger variation was observed in brands without yield decrease 

trends, and the CV ranges for manufacturers A, B, and C over five years were 12.4 %–29.2 %, 5.0 %–29.9 %, and 

7.6 %–26.8 %, respectively. 

Eldridge et al. (2015) reported that under the ISO and the HCI smoking regimes the CV ranges of NNN and 

NNK yields for three commercial brands sold in the German market were 11.3 %-21.9 % (NNN under ISO), 

11.3 %–19.2 % (NNK under ISO), 10.0 %–20.8 % (NNN under HCI), and 8.3 %–17.0 % (NNK under HCI). The 

CV ranges of NNN and NNK yields in this study were 5.0 %–29.9 % (NNN under ISO), 10.0 %–27.9 % (NNK 

under ISO), 6.3 %–26.3 % (NNN under HCI), and 7.3 %–25.3 % (NNK under HCI). When RSD ranges are 

compared between these two datasets, the RSD range of this study was moderately wider than that in the study by 

Eldridge et al. (2015). This result might have been influenced by the number of cigarette brands and the term of the 

study. 

 

The objective of this study was to understand variation in NNN and NNK yields from the mainstream smoke of 

commercial cigarette brands from the Japanese market over time. Eleven brands from three major manufacturers, 

which were commercially available in Japan, were selected based on their tar yields under the ISO smoking regime. 

The ranges of CVs for NNN from the smoke of each brand were 5.0 %–29.9 % under the ISO and 6.3 %–26.3 % 

under the HCI smoking regime. When these CVs were compared with those of tar, nicotine, and CO yields in each 

brand, they were found to be much higher for all brands under the HCI smoking regime, and higher for most brands 

under the ISO smoking regime. The CVs of NNN and NNK yields from the smoke of KY3R4F reference cigarettes 

were both 6.0 % under the ISO regime, and 8.1 % and 6.7 % under the HCI regime, respectively. When these CVs 

were compared with NNN and NNK yields from the smoke of eleven cigarette brands in the present study, they 

were mostly greater than those of KY3R4F. It was identified that variation in NNN yields from tobacco filler blend 

mainly contributed to variation in NNN yields from smoke. It was also identified that the contribution of cigarette 

design parameters was small within the range of normal brand maintenance. Overall, it is demonstrated that 

variation in NNN and NNK yields from smoke of commercial cigarette brands over time is mostly greater than that 

from smoke of KY3R4F manufactured in a single batch, and variation in tar, nicotine, and CO yields from smoke 

of the same brand, due to variation in NNN and NNK yields from tobacco filler over time. 
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Fig. 4-1. Trends in NNN yields from tobacco filler blend and smoke by brand. Each point (◆) represents the NNN yield 

from smoke under the ISO smoking regime. Each point (■) represents the NNN level in tobacco filler blend. Cigarette 
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brands No. 1, 4, 10, and 11 are from manufacturer A. Cigarettes No. 2, 5, and 8 are from manufacturer B. Cigarettes No. 

3, 6, 7, and 9 are from manufacturer C. 
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Table 4-1 

Mean, standard deviation, and CV of cigarette design parameters and NNN and NNK levels from tobacco filler blend. 

          Cigarette Length [mm]   Circumference [mm]   Net Tobacco Weight [g/cig.]   Draw Resistance Open [mmH2O] 

Cigarette 

No. Manufacturer 

Pack 

Tar 

Pack 

Nicotine   MEAN SD CV   MEAN SD CV   MEAN SD CV   MEAN SD CV 

1 A 1 0.1   83.9 0.17 0.2   24.9 0.09 0.4   0.51 0.0 2.28   99.1 4.74 4.8 

2 B 1 0.1   83.9 0.22 0.3   24.7 0.13 0.5   0.58 0.0 3.17   92.9 2.73 2.9 

3 C 1 0.1   82.5 0.22 0.3   24.8 0.10 0.4   0.54 0.0 1.34   100.3 2.06 2.1 

4 A 6 0.5   83.9 0.08 0.1   24.9 0.12 0.5   0.61 0.0 5.82   100.6 3.78 3.8 

5 B 6 0.5   84.1 0.19 0.2   24.8 0.05 0.2   0.60 0.0 2.29   93.5 3.52 3.8 

6 C 6 0.6   82.7 0.12 0.1   24.8 0.11 0.5   0.58 0.0 0.98   103.2 0.74 0.7 

7 C 8 0.7   82.9 0.20 0.2   24.9 0.12 0.5   0.63 0.0 5.52   87.9 3.62 4.1 

8 B 9 0.8   83.9 0.15 0.2   24.8 0.04 0.1   0.71 0.0 3.88   108.8 2.99 2.7 

9 C 9 0.8   82.7 0.09 0.1   24.8 0.08 0.3   0.61 0.0 1.75   100.2 5.17 5.2 

10 A 10 0.8   84.0 0.11 0.1   25.0 0.05 0.2   0.65 0.0 3.22   103.8 3.48 3.4 

11 A 14 1.2   83.6 0.13 0.2   24.9 0.06 0.2   0.69 0.0 3.55   112.3 6.77 6.0 

  mean 6.5 0.6   83.5 0.15 0.2   24.8 0.09 0.3   0.61 0.02 3.07   100.2 3.60 3.6 

  min 1.0 0.1   82.5 0.08 0.1   24.7 0.04 0.1   0.51 0.01 0.98   87.9 0.74 0.7 

  max 14.0 1.2   84.1 0.22 0.3   25.0 0.13 0.5   0.71 0.04 5.82   112.3 6.77 6.0 
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Table 4-1 

Mean, standard deviation, and CV of cigarette design parameters and NNN and NNK yields from tobacco filler blend (Continued). 

          Filter Ventilation [%]   Tobacco NNN [µg/g]  

 

Tobacco NNK [µg/g] 

Cigarette 

No. Manufacturer Pack Tar 

Pack 

Nicotine   MEAN SD CV   MEAN SD CV 

 

MEAN SD CV 

1 A 1 0.1   73.18 2.5 3.4   1.19 0.12 10.3 

 

0.35 0.05 14.3 

2 B 1 0.1   74.20 0.9 1.3   1.11 0.25 22.6 

 

0.30 0.04 12.7 

3 C 1 0.1   76.52 2.3 3.0   1.95 0.36 18.6 

 

0.62 0.06 10.4 

4 A 6 0.5   40.50 0.6 1.5   0.98 0.19 19.7 

 

0.29 0.07 23.3 

5 B 6 0.5   44.70 1.5 3.3   0.98 0.10 10.0 

 

0.32 0.04 13.4 

6 C 6 0.6   40.86 0.5 1.3   1.80 0.17 9.3 

 

0.63 0.03 4.4 

7 C 8 0.7   42.46 2.0 4.7   1.64 0.23 13.8 

 

0.63 0.05 8.7 

8 B 9 0.8   35.04 2.8 7.9   1.60 0.44 27.8 

 

0.37 0.10 26.6 

9 C 9 0.8   27.00 2.0 7.4   1.82 0.12 6.9 

 

0.63 0.05 8.4 

10 A 10 0.8   20.10 3.5 17.5   0.85 0.14 16.0 

 

0.22 0.05 24.4 

11 A 14 1.2   -* - -   0.44 0.07 15.3 

 

0.17 0.02 14.5 

  mean 6.5 0.6   47.5 1.86 5.1   1.31 0.20 15.5 

 

0.41 0.05 14.6 

  min 1.0 0.1   20.1 0.51 1.3   0.44 0.07 6.9 

 

0.17 0.02 4.4 

  max 14.0 1.2   76.5 3.51 17   1.95 0.44 27.8 

 

0.63 0.10 26.6 

*This cigarette brand is not filter ventilated. 
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Table 4-2 

Mean, standard deviation, and RSD of NNN, NNK, tar, nicotine, and CO yields from smoke. 

ISO smoking regime 

Cigaret

te No. 

Manufactu

rer 

  NNN 

[ng/cig.] 

    NNK 

[ng/cig.] 

    Tar 

[mg/cig.] 

      Nicotine 

[mg/cig.] 

    CO 

[mg/cig.] 

    

    MEAN SD CV   MEAN SD CV   MEAN SD CV   MEAN SD CV   MEAN SD CV 

1 A   9.1 1.5 16.5   5.69 1.4 23.7   1.08 0.16 15.2   0.11 0.02 19.4   1.58 0.36 23.0 

2 B   10.3 3.1 29.9   6.72 1.8 26.5   1.18 0.13 11.0   0.12 0.01 11.6   1.84 0.17 9.1 

3 C   18.9 5.1 26.8   8.92 1.3 14.7   1.18 0.19 16.3   0.13 0.02 13.6   1.44 0.22 15.2 

4 A   32.3 9.5 29.2   23.5 6.6 27.9   5.92 0.13 2.2   0.50 0.01 1.8   7.20 0.19 2.6 

5 B   32.2 1.6 5.0   27.9 3.1 11.2   6.24 0.35 5.6   0.54 0.04 7.1   6.82 0.22 3.2 

6 C   59.3 4.5 7.6   33.2 3.3 10.0   6.06 0.19 3.2   0.59 0.03 4.4   6.80 0.42 6.2 

7 C   61.8 7.4 12.0   37.7 6.9 18.2   8.00 0.35 4.3   0.68 0.01 1.9   7.30 0.52 7.1 

8 B   73.6 15.5 21.1   52.7 14.2 26.8   9.30 0.30 3.2   0.74 0.04 5.1   9.80 0.35 3.5 

9 C   79.3 8.9 11.2   46.0 5.6 12.1   9.12 0.28 3.0   0.82 0.04 4.8   9.22 0.34 3.7 

10 A   42.5 5.7 13.5   31.6 6.5 20.6   10.1 0.46 4.6   0.83 0.03 3.6   11.1 0.63 5.7 

11 A   26.4 3.3 12.4   23.2 3.8 16.6   14.4 1.30 9.1   1.17 0.11 9.8   13.9 1.61 11.6 

  mean   40.5 6.0 16.8   27.0 5.0 18.9   6.59 0.35 7.06   0.57 0.03 7.55   7.00 0.46 8.26 

  min   9.1 1.5 5.0   5.7 1.3 10.0   1.1 0.1 2.2   0.1 0.01 1.8   1.4 0.17 2.6 

  max   79.3 15.5 29.9   52.7 14.2 27.9   14.4 1.3 16.3   1.2 0.11 19.4   13.9 1.61 23.0 

QA/QC samples 

(3R4F)* 

  114 6.8 6.0   95.9 5.7 6.0                

* Data for KY3R4F were obtained for five years from 2009 to 2013. 
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Table 4-3 

Pearson's correlation coefficients between NNN or NNK yields from smoke with NNN or NNK yields from tobacco filler blend, 

and cigarette design parameters, and tar, nicotine, CO yields from smoke 

No.   

Tobacco 

NNN 

[μg/g] 

Tobacco 

NNK 

[μg/g] 

Net 

tobacco 

weight 

[g/cig.] 

Filter 

ventilation 

[%] 

Draw 

resistance 

(Open) 

[mmH2O] 

Draw 

resistance 

(Close) 

[mmH2O] 

Tar 

[mg/cig] 

Nicotine 

[mg/cig] 

CO 

[mg/cig] 

1 NNN ISO 0.94*   0.97* 0.12 0.15   -0.12 -0.04 -0.03 

2 NNN ISO 0.90*   0.25 0.29 -0.20   -0.50 -0.04 0.01 

3 NNN ISO 0.55   0.57 -0.90* 0.94*   0.97* 0.92* 0.86 

4 NNN ISO 0.94*   0.17 0.68 0.12   0.15 0.44 -0.53 

5 NNN ISO 0.75   -0.29 -0.58 0.68   -0.64 -0.64 -0.38 

6 NNN ISO 0.90*   0.69 0.22 -0.68   0.76 0.33 -0.17 

7 NNN ISO 0.78   0.79 0.15 0.32   0.54 0.71 0.64 

8 NNN ISO 0.93*   -0.29 -0.26 -0.41   0.10 -0.51 0.06 

9 NNN ISO 0.82   0.86 -0.89* 0.63   0.23 0.08 0.64 

10 NNN ISO 0.91*   -0.63 0.63 -0.16   -0.36 -0.76 -0.26 

11 NNN ISO 0.90*   -0.15 0.13 0.48   -0.50 -0.60 -0.52 

                      

1 NNN HCI 0.80   0.78     0.36 0.04 -0.39 0.08 

2 NNN HCI 0.91*   0.23     0.15 0.77 0.37 0.57 

3 NNN HCI 0.36   0.29     -0.25 -0.55 0.01 -0.33 

4 NNN HCI 0.76   0.49     0.34 0.56 0.41 0.68 

5 NNN HCI -0.25   -0.44     -0.37 0.39 0.26 -0.25 

6 NNN HCI 0.91*   0.43     -0.86 -0.70 0.04 -0.77 

7 NNN HCI 0.81   0.54     0.13 0.92* 0.08 0.77 

8 NNN HCI 0.88   -0.17     -0.27 0.85 0.32 0.79 

9 NNN HCI 0.64   0.30     0.79 -0.06 0.03 0.36 

10 NNN HCI 0.94*   -0.43     0.72 -0.77 -0.90* -0.25 

11 NNN HCI 0.91*   -0.09     0.55 -0.23 -0.35 -0.12 

                      

1 NNK ISO   0.18 0.41 -0.21 0.65   0.30 0.30 0.34 

2 NNK ISO   0.72 0.00 0.11 -0.04   -0.30 0.33 0.34 

3 NNK ISO   -0.40 -0.53 -0.38 0.39   0.17 0.03 0.52 

4 NNK ISO   0.64 -0.34 0.18 0.20   0.44 0.35 -0.16 

5 NNK ISO   0.64 -0.41 -0.72 0.54   -0.11 -0.12 -0.44 

6 NNK ISO   -0.02 -0.86 0.20 0.00   -0.80 -0.96* -0.26 

7 NNK ISO   0.55 0.29 -0.33 0.40   0.89* 0.38 0.83 

8 NNK ISO   0.96* -0.44 -0.35 -0.70   -0.03 -0.57 -0.05 

9 NNK ISO   -0.04 -0.31 0.23 0.22   -0.01 -0.59 0.36 
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10 NNK ISO   0.82 -0.86 0.79 -0.55   -0.25 -0.65 0.02 

11 NNK ISO   0.32 -0.81 0.53 0.52   -0.91* -0.97* -0.73 

                      

1 NNK HCI   -0.84 0.14     0.21 -0.32 -0.93* -0.44 

2 NNK HCI   0.73 0.18     -0.08 0.76 0.37 0.45 

3 NNK HCI   -0.04 -0.84     -0.18 -0.04 -0.92* 0.44 

4 NNK HCI   0.44 -0.40     0.10 -0.27 -0.51 0.19 

5 NNK HCI   0.06 0.12     0.18 -0.70 -0.21 -0.48 

6 NNK HCI   0.56 -0.41     -0.50 -0.33 -0.54 -0.12 

7 NNK HCI   0.85 0.28     0.42 0.27 -0.67 0.25 

8 NNK HCI   0.87 -0.29     -0.37 0.78 0.17 0.69 

9 NNK HCI   -0.33 -0.08     0.83 0.30 -0.01 0.53 

10 NNK HCI   0.76 -0.73     0.46 -0.45 -0.71 0.12 

11 NNK HCI   0.37 -0.79     0.45 -0.82 -0.83 -0.60 

* Statistical significance (p < 0.05) 

 



43 

 

5 Evaluation of functional relationships for predicting mainstream smoke constituent machine yields for 

conventional cigarettes from the Japanese market 

 

5.1 Introduction 

 

In countries around the world, governments and regulatory bodies have for many years required cigarette 

manufacturers to report, and print on the cigarette packs, the quantities of tar, nicotine and, more lately, CO that 

their products deliver when machine-smoked. International Standards specify the methods for the determination of 

tar (ISO Standard 4387, 2008), nicotine (ISO Standard 10315, 2011) and CO (ISO Standard 8454, 2009), and 

define the operating parameters and standard conditions to be provided for the routine analytical machine-smoking 

of cigarettes (ISO Standard 3308, 2012; ISO Standard 3402, 1999). ISO Standard 8243 (2013) provides 

information on the statistical basis for the treatment of data and gives estimates of the typical confidence intervals 

for tar, nicotine, and CO yields which may be found when a cigarette brand is sampled and smoked in accordance 

with ISO Standards. While these values do not indicate the amount of smoke that any one smoker receives at any 

time, they do allow different marketed products to be ranked and compared in terms of their smoke yields. 

Regulatory groups in countries like the United Kingdom, the United States, Canada, Australia or Brazil have also 

started to take interest in the yields of smoke constituents other than tar, nicotine, and CO from products on sale in 

their markets. These smoke constituents are normally referred to as ‘‘Hoffmann analytes’’. This designation derives 

from a large research work conducted by Dr. Dietrich Hoffmann and his group investigating various classes of 

chemical toxicants potentially present in cigarette smoke (Hoffmann and Hoffmann, 2001). 

The ability to measure Hoffmann analytes in mainstream smoke in either microgram or nanogram concentrations 

is growing worldwide. Cigarette manufacturers and a number of governmental laboratories have or are building 

expertise in this area. In addition, some independent organizations are offering this service work to regulators and 

tobacco companies. However, concerns over the accuracy of the data and the quality of analytical methodology 

used have been expressed on a number of occasions (Purkis et al., 2003; Chen and Moldoveanu, 2003; Hsu et al., 

1999; Gregg et al., 2004). These concerns focus on the lack of internationally validated standard methods. 

Significant levels of error within one laboratory (repeatability), and between different laboratories (reproducibility) 

have been shown to exist, when comparing smoke yields for identical test materials. Although the situation 

improves over time as collaborative efforts to evaluate analytical methods are in progress, at the present time smoke 

constituent yields other than tar, nicotine or CO should be interpreted as indicative values rather than ‘‘true’’ 

measures. 

 In some countries regulation requires smoke constituents information to be reported on an annual basis. In 

Brazil, each product that is to be made available for sale must be registered annually with the regulatory authority, 

together with a package of supporting information which includes smoke constituent yields (Brazil, 2001). In 

British Columbia, manufacturers have to report smoke constituent yields for those cigarette brands with greater 

than 1.25 % share of the market (British Columbia, 2001). In Federal Canada, an entirely different approach is 

taken, a benchmark approach. The Canadian Tobacco Reporting Regulations define the benchmark as a linear 

relationship between tar (or nicotine) and each of the smoke constituents. The Canadian benchmark exercise is 
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conducted annually on 28 brands from the market (Canada, 2000). 

Benchmarking is generally seen as a process of testing a range of cigarette brands, which are representative of 

the marketplace in question, for a range of different smoke constituents. The yields of measured smoke constituents 

are subsequently related to reliable smoke measures such as tar, nicotine or CO by a series of functional 

relationships. The functional relationships are then used to estimate the yields of smoke constituents for the brands 

which are not tested in the measurement exercise. This approach necessitates that brands for which smoke 

constituent yields are to be predicted have design parameters which lie within the range of values of the brands 

used to define the functional relationships. 

In light of the expressed concerns over the accuracy of smoke constituent yields, benchmark exercises can be 

regarded as reliable means of obtaining a relative ranking of the smoke constituent yields from cigarette brands. 

With an appropriate experimental design, particularly with respect to the randomization of sample analysis 

sequences and by conducting the analytical work in one laboratory, the levels of relative error can be controlled. 

 Benchmark studies have been conducted for cigarette brands sold in the United States (Swauger et al., 2002; 

Borgerding et al., 2000; Chepiga et al., 2000; Roemer et al., 2004), Canada (Borgerding et al., 1999), Australia 

(Australian Government and Department of Health and Ageing, 2001), the United Kingdom (Gregg et al., 2004) or 

for a worldwide cigarette sample (Counts et al., 2004, 2005). All studies cover a range of design features which are 

widely used in cigarette manufacture such as filter type, filter ventilation, circumference, length, paper porosity or 

the use of menthol. The benchmark exercises mentioned above differ slightly in their study design such as the 

number of selected cigarette brands (15–48), the number of analyzed smoke constituents per brand (24–44), the 

inclusion or exclusion of non-filtered cigarette brands and the selection of different tobacco blend styles like 

‘‘Virginia’’, ‘‘American’’ or ‘‘Dark Air-Cured’’. Benchmark reports have elucidated that strong correlations exist 

between the majority of individual Hoffmann analytes and the mainstream smoke constituents tar, nicotine or CO. 

Hence, much of the information that regulators are starting to ask for can be provided by the three reliable smoke 

measures of tar, nicotine, and CO. 

 Weaker correlations have been observed for some nitrogen-containing constituents when cigarette brands from 

more than one blend style are combined in the same study. This can be explained by the different contents of total 

nitrogen in American, Virginia or Dark air-cured tobacco blends. Improvement of prediction for these constituents 

can be achieved by adding specific tobacco blend information (e.g., nitrate and nitrosamines yields in tobacco) in 

the correlating equations (Counts et al., 2004). Weaker correlations have also been observed for phenolic 

compounds and some gaseous constituents when the study design allows for the inclusion of unfiltered cigarette 

brands. Several features may account for these findings. Firstly, in some markets the paper porosity of unfiltered 

cigarette brands is higher than that found with filtered cigarettes and increased paper porosity might be associated 

with lower relative yields of gas-phase components. Secondly, some filter materials are known to selectively trap 

certain phenolic compounds in smoke, and the absence of filter material would result in relatively higher yields of 

these compounds. Poor correlations are found for smoke constituents at or near the analytical LOD such as some 

heavy metals. 

 The objective of this study is to evaluate functional relationships for estimating mainstream smoke constituent 

yields for conventional filter cigarette brands in Japan. The Japanese market can be regarded as unique among the 
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world. Firstly, the Japanese market is characterized by a diversity of different blend styles. Secondly, cigarette 

brands on sale show a wide scale of ISO tar yields ranging from 1 to 21 mg/cig. Thirdly, carbon filter products 

represent a group of products with large market share. Besides American blended brands (which are characterized 

by a highly variable ratio of flue-cured tobaccos, Burley tobaccos, Oriental tobaccos, reconstituted tobacco, 

expanded tobacco and tobacco by-products) and Virginia brands (which are mainly composed from flue-cured 

tobaccos), Japanese domestic blend products are popular. The Japanese domestic blend style comprises largely 

blended domestic tobacco leaf. 

 

5.2 Materials and methods 

 

5.2.1 Test cigarettes 

 

The main data set used for developing prediction equations consisted in measurements of ninety-four filter 

cigarette brands with different specifications sold by JT Group on the Japanese market and of twelve additional 

brands not sold by JT Group but representing a large market share. At the time of this survey these brands 

accounted for about 90 % of all cigarette brands sold on the Japanese market and can be considered representative. 

Sampling was performed in ten warehouses nationwide between 2004 and 2005 and subjected to analysis during 

the same period. Table 5-1 describes the specifications of the included brands. These hundred six brands were 

divided into an exploratory sample of eighty-three brands from which the prediction equations were computed and 

into a validation sample of twenty-three brands which was used to assess the validity of the prediction. This 

validation sample was obtained as a stratified random sample of the original set of one hundred six brands chosen 

in order to have a similar proportion in tar levels as products in the Japanese market and to contain different 

tobacco blend types in all tar segments. Table 5-2 describes the characteristics of the two samples in terms of tar 

ranges and blend composition. A secondary data set of ninety-six cigarette brands from JT Group sampled and 

analyzed in 2002 was used in order to assess the difference due to time periods. This data set was compared to the 

ninety-four cigarette brands from JT Group included in the main data set of one hundred six brands. The number of 

cigarette brands in the 2002 sample was slightly different from that of the main data set because some new brands 

were introduced in the meantime while others were discontinued. Finally, a worldwide cigarette sample of one 

hundred five American blended brands, of which thirty brands were not sold by JT Group, was compared with a 

Japanese market sample of eighty-four American blended brands, taken from the main data set. Table 5-3 lists the 

number of cigarette brands selected from each market and provides an overview on the cigarette brand specification. 

JT Group products were sampled directly from the factory while products from other groups were purchased from 

the market. Sampling and analysis was conducted between 2003 and 2005. 
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Table 5-1 

Summary of design characteristics for Japanese market brands (2004-2005). 

Parameter Data 

Brands 

Manufacturer 

ISO tar yield [mg/cig] 

Filter type 

 

Filter ventilation [%] 

Cigarette length [mm] 

Cigarette circumference [mm] 

Cigarette paper permeability [CU]
a 

 

Menthol flavoring brands 

Tobacco weight [g/cig] 

Tobacco blend-type 

106 

JT Group: 94 brands / Non-JT Group: 12 brands 

1 – 21 

Acetate / Acetate charcoal / Paper / Paper charcoal / Triple recessed 

charcoal / Channel ventilation dam 

0 – 81 

70 – 98.7 

Slim: ≦23 / Standard: ≦25 / Wide: ≦26 

7 – 80 

49 brands 

0.518-0.851 

American blend: 84 brands / Virginia: 2 brands / Japan domestic: 20 brands 

a CU, CORESTA unit : flow of air (cm3·min-1) passing through 1cm2 surface of the test piece at a measuring pressure of 1,00 kPa. 

 

Table 5-2 

Description of exploratory and validation brand sample. 

 

Tar range 

(mg/cig) 

Exploratory sample group Validation sample group 

American 

blend 

Non-American 

blend
a
 

Total American 

blend
a
 

Non-American 

blend 

Total 

0-5 29 2 31 9 1 10 

5-10 28 6 34 6 2 8 

10-20 9 9 18 3 2 5 

0-20 66 17 83 18 5 23 

aThe Non-American blend sample includes Virginia blends and Japan domestic blends 

 

Table 5-3 

Summary of design characteristics for worldwide brands (2003-2005) 

Parameter Data 

Brands 

Market & number of brands
a
 

 

ISO tar yield [mg/cig] 

Filter type 

Filter ventilation [%] 

Cigarette length [mm] 

105 

EU 53 (43) / Russia 18 (14) / Ukraine 4 (2) / Romania 4 (2) Turkey 8 (6) / 

Iran 2 (0) / Korea 4 (2) / Malaysia 10 (6) / Taiwan 2 (0) 

1 – 12 

Acetate / Acetate charcoal 

2 – 86 

83 – 120 
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Cigarette circumference [mm] 

Cigarette paper permeability [CU] 

Menthol flavoring brands 

Tobacco weight [g/cig] 

Tobacco blend-type 

Slim: ≦23 / Standard: ≦25 

15 – 134 

19 

0.534-0.851 

American blend 

a number of JT Group products in parentheses. 

 

5.2.2 Smoke generation and analytical methods 

 

A set of 42 mainstream smoke constituents other than tar, nicotine, and CO were investigated. The selection is 

mainly based on the constituents which need to be reported in Canada (Canada, 2000) and Brazil (Brazil Ministry 

of Health, 2001). In order to minimize the sources of analytical variability, all cigarette brands sampled during this 

study were conditioned, machine-smoked and analyzed in a single laboratory, at Labstat International (Kitchener, 

Ontario, an ISO/IEC 17025 accredited contract laboratory). All tests were repeated five times. 

Test cigarettes were conditioned at 22°C room temperature and 60 % humidity (ISO Standard 3402, 1999). 

Smoke constituents were collected under the conditions of a 35-ml puff volume, 2-s puff duration, and 60-s puff 

interval according to ISO machine-smoking conditions (ISO Standard 3308, 2012). 

 Tar, nicotine, and CO yields were determined according to ISO Standards (ISO Standard 4387, 2008; ISO 

Standard 10315, 2011; ISO Standard 8454, 2009). The TPM was calculated from the difference in weight of the 

glass fiber filters (Cambridge filters) used for smoke collection before and after machine-smoking. Nicotine and 

water (ISO Standard 10362-1, 1999) were analyzed by GC after isopropanol extraction from Cambridge filters. Tar 

was calculated from the weight of TPM by subtraction of water and nicotine yields. CO was determined by 

non-dispersion infrared spectrometry. 

 Since there was no international standards available for the determination of mainstream smoke constituents other 

than tar, nicotine or CO, these constituents were analyzed according to the Tobacco Control Program published by 

Health Canada (P.L.3506C, Ottawa, Canada K1AOK9). The corresponding method codes are added in parentheses. 

TSNAs (T-111) (NNN, NNK, N-nitrosoanatabine (NAT) and N-nitrosoanabasine (NAB)) were extracted from the 

Cambridge filters used for smoke collection by using dichloromethane, purified by alumina column 

chromatography, and determined by GC-thermal energy analysis. Carbonyl compounds (T-104) (formaldehyde, 

acetaldehyde, acetone, acrolein, propionaldehyde, crotonaldehyde, methyl ethyl ketone, and butyraldehyde) were 

trapped as 2,4-dinitrophenylhydrazine derivatives and analyzed by HPLC with ultraviolet detection. Volatile 

organic compounds (T-116) (1,3-butadiene, isoprene, acrylonitrile, benzene, and toluene) were trapped in methanol 

containing cooled impingers and analyzed by GC-MS. Hydrogen cyanide (HCN, T-107) in particulate phase and 

vapor phase was converted to cyanogen chloride and measured by automated continuous flow colorimetric analyzer. 

Benzo[a]pyrene (T-103) was extracted with cyclohexane from Cambridge filters and analyzed by HPLC with 

fluorescence detection. Phenolic compounds (T-114) (hydroquinone, resorcinol, catechol, phenol, o-cresol, (m + 

p)-cresol) were extracted from Cambridge filters using acetic acid and were analyzed by HPLC with fluorescence 

detection. Ammonia (T-101) was collected from both the Cambridge filters and sulfuric acid-containing impingers 
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and analyzed by ion exchange chromatography. Nitrogen oxides (NO/NOx, T-110) were determined by a 

chemiluminescence analyzer. Pyridine, quinoline, and styrene (T-112) were extracted from Cambridge filters and 

methanol containing cooled impingers, and analyzed by GC-MS. Aromatic amines (T-102) (1-aminonaphthalene, 

2-aminonaphthalene, 3-aminobiphenyl, and 4-aminobiphenyl) were extracted from Cambridge filters with 

hydrochloric acid and hexane, derivatized with pentafluoropropionic acid anhydride and trimethylamine, and 

analyzed by GC-MS. Mercury (T-108) was collected from whole smoke in acidified potassium permanganate 

solution and analyzed by cold vapor atomic absorption spectrometry after microwave digestion. Trace metals 

(T-109) (nickel, lead, cadmium, chromium, arsenic, and selenium) were collected in an electrostatic trap, 

microwave digested with a mixture of hydrochloric acid, nitric acid, and hydrogen peroxide, and analyzed by 

furnace atomic absorption spectrometry. 

 

5.2.3 Statistical methods 

 

In order to provide an overview whether and how strongly pairs of mainstream smoke constituents are related, a 

correlation matrix was calculated. The matrix displays pairwise correlation coefficients between constituents. To 

predict mainstream smoke constituents yields of cigarette brands on the Japanese market, simple linear regression 

analyses were computed using the exploratory sample of the main data (SPSS statistical software, version 13.0J for 

Windows). All mainstream smoke constituents were used as dependent variables while tar, nicotine, CO, and nitric 

oxide were used as independent variables. Furthermore some regression analyses were repeated stratified by 

blend-type i.e., a separate regression analysis was computed for all American blend-type cigarettes on one side and 

all remaining blend types (Virginia or domestic blends) on the other side. A regression model was considered 

adequate when the slope of the regression was statistically significantly different from a zero slope at a 5 % 

significance level. Coefficient of determination (also termed R
2
), which is the ratio of the variance of the dependent 

variable explained by the independent variable and the total variance of the dependent variable was used for 

assessment of regression fit. All measurements of the constituents which were found to be below LOD or between 

LOD and LOQ were excluded from the statistical analysis. In order to assess the prediction validity, 95 % 

prediction intervals calculated from the regression procedure, and the number of measurements from the validation 

sample was determined. If the model adequately describes the effect of the independent variable (respectively tar, 

CO and nitric oxide) on the smoke constituents, 95 % of all measurements of the validation sample are expected to 

be within the prediction intervals. In addition, assuming that mainstream smoke constituents yields were unknown, 

a relative prediction error was calculated for all validation measurements as the absolute value of (predicted value - 

measured value)×100 ÷ (measured value). 

 

5.3 Results 

 

For some constituents, yields were below LOD or LOQ. Table 5-4 shows the respective LOD and LOQ levels by 

constituents and the number of exploratory brands being affected. The yields for nickel, chromium, selenium, 

arsenic, lead, and resorcinol were below LOD or LOQ for most of the exploratory cigarette brands. These six 
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smoke constituents were excluded from further analysis. Appendix 5-1 provides an overview on the functional 

relationship between all mainstream smoke constituents in terms of pairwise coefficients of correlation. The 

majority of mainstream smoke constituents were strongly correlated with either tar, nicotine or CO with a 

correlation coefficient above 0.8. All constituents showing a weaker correlation with either tar, nicotine or CO such 

as aromatic amines or TSNAs were strongly related with nitric oxide and exhibited correlation coefficients above 

0.8. 

 

Table 5-4 

Number of brands showing smoke constituent yields below LOD or LOQ. 

Smoke constituent LOD LOQ Number of brands below 

   LOD LOQ 

Nickel (ng/cig) 6.47 21.6 79 4 

Chromium (ng/cig) 5.94 19.8 65 18 

Selenium (ng/cig) 2.21 7.37 62 21 

Resorcinol (μg/cig) 0.158 0.526 24 34 

Arsenic (ng/cig) 1.13 3.75 23 52 

Lead (ng/cig) 3.85 12.8 21 33 

Mercury (ng/cig) 1.10 1.50 24 3 

Phenol (μg/cig) 0.573 1.91 13 8 

o-Cresol (μg/cig) 0.074 0.245 11 10 

Crotonaldehyde (μg/cig) 0.980 3.29 9 17 

Cadmium (ng/cig) 0.475 1.59 4 11 

m + p-Cresol (μg/cig) 0.153 0.509 3 11 

Acrylonitrile (μg/cig) 0.282 0.939 2 13 

Methyl ethyl ketone (μg/cig) 1.09 3.66 1 2 

Toluene (μg/cig) 2.50 8.32 - 19 

Ammonia (μg/cig) 0.725 2.45 - 18 

NNK (ng/cig) 3.72 12.4 - 18 

Quinoline (μg/cig) 0.007 0.024 - 13 

Pyridine (μg/cig) 0.237 0.791 - 11 

Catechol (μg/cig) 0.484 1.61 - 8 

Benzene (μg/cig) 1.39 4.63 - 7 

NAB (ng/cig) 0.634 2.00 - 7 

Styrene (μg/cig) 0.170 0.560 - 4 

Acrolein (μg/cig) 0.710 2.37 - 2 

Propionaldehyde (μg/cig) 1.00 3.33 - 2 

n-Butyraldehyde (μg/cig) 0.810 2.70 - 2 

Hydrogen cyanide (μg/cig) 0.525 1.75 - 1 

 

5.3.1 Linear regression models 

 

5.3.1.1 Linear tar, nicotine, and CO model 
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Linear regression models using either tar, nicotine or CO as independent variable were developed for the 

remaining thirty-six constituents of the exploratory sample consisting of eighty-three cigarette brands. All slopes 

against tar, nicotine or CO were statistically significant at the 5 % level, except for NNK. Appendix 5-2 summarizes 

the parameters for the linear models (a, slope; b, intercept), the coefficients of determination (R
2
) and the range of 

measured values (minimum, maximum) by constituents. Coefficients of determination between mainstream smoke 

constituents and either tar, nicotine, or CO were similar. Corresponding scatter plots, prediction formulae and 95 % 

prediction intervals are given in Fig. 5-1, with tar as independent variable. Approximately 75 % of the constituents 

showed R
2
 values equal to or greater than 0.7, ranging from 0.71 to 0.96 for the tar model. These constituents were 

hydrogen cyanide, benzo[a]pyrene, phenolics, carbonyls, semi volatile and volatile organic compounds, and metals. 

Constituents such as TSNAs, nitrogen oxides, and aromatic amines exhibited weaker relationships against tar with 

R
2
 values equal to or lower than 0.6, ranging from 0.1 to 0.53. 

 

 

Fig. 5-1. Functional relationships of smoke constituent yield vs. tar (non-stratified tar model). , exploratory 

samples; , validation samples;  , regression line; ---, 95 % prediction interval. 
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Fig. 5-1. (Continued) 
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Fig. 5-1. (Continued) 
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Fig. 5-1. (Continued) 
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Fig. 5-1. (Continued) 
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Fig. 5-1. (Continued) 
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Fig. 5-1. (Continued) 

 

5.3.1.2 Linear tar model after blend-type stratification 

 

Since the tobacco blend-type is regarded as one of the reasons for weaker correlations as observed for TSNAs, 

nitrogen oxides or aromatic amines (Gregg et al., 2004), a stratified linear model was calculated with tar as 

independent variable. Stratification means that the cigarette brands from the main dataset were subdivided into two 

groups: an American blend-type group (sixty-six cigarette brands), and a non-American blend-type group 

(seventeen cigarette brands). The non-American blend-type group included Virginia blends and Japan domestic 

blends. Appendix 5-3 lists the results for the stratified linear models (a, slope; b, intercept) and the corresponding 

coefficients of determination (R
2
) by constituents and by blend-type groups. The corresponding scatter plots, 

prediction formulae, and 95 % prediction intervals are given in Fig. 5-2. All constituents showed statistically 

significant slopes with tar at the 5 % level, except for NNN and NNK in the non-American blend-type group. In 

general, coefficients of determination for TSNAs, nitrogen oxides, and aromatic amines were markedly increased 

after blend-type stratification. R
2
 values for TSNAs increased on average from 0.15 (0.10–0.22) to 0.66 (0.48–0.77) 

for the American blend-type sample. R
2
 values for NAT and NAB increased on average from 0.16 (0.10–0.22) to 

0.69 (0.62–0.75) in the non-American blend-type sample. R
2
 values for nitrogen oxides were 0.35 on average 

before stratification and changed to 0.72, both in the American blend and in the non-American blend sample. 

Aromatic amines showed a R
2
 value of 0.49 on average before blend stratification and an R

2
 of 0.91 and 0.52 after 

stratification for the American blend-type group and for the non-American blend-type group, respectively. Two 

further constituents showed increased coefficients of determination after blend stratification. R
2
 values for 

formaldehyde and ammonia changed from 0.75 and 0.71 to 0.91 and 0.87 for the American blend-type group and to 

0.89 and 0.96 for the non-American blend-type group, respectively. For constituents such as carbonyls, volatile and 

semi volatile organics and phenolic compounds, the strength of correlation was not largely affected. The 

coefficients of determination for mercury and cadmium of 0.76 and 0.74 against tar before stratification decreased 

to 0.35 and 0.45 in the American blend-type group, and increased to 0.93 for both constituents in the non-American 
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blend-type group. 

 

 

 

Fig. 5-2. Functional relationships of smoke constituent yield vs. tar (stratified tar model). , exploratory samples 
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of American blend; , validation samples of American blend; , exploratory samples of non-American blend; , 

validation samples of non-American blend;  , regression line and 95 % prediction interval of American blend 

brands; ---, regression line and 95 % prediction interval of non-American blend brands. 

 

 

 

Fig. 5-2. (Continued) 

 

5.3.1.3 Linear nitric oxide model 

 

Appendix 5-4 provides the results for the linear nitric oxide model (a, slope, b, intercept) and the corresponding 

coefficients of determination (R
2
) for the exploratory sample. For comparison purposes, the results for the linear tar 

model have been added. Scatter plots, prediction formulae and 95 % prediction intervals are presented in Fig. 5-3. 

Compared to the linear tar model, the nitric oxide model showed statistically significant results for all TSNAs and 

all aromatic amines. The coefficients of determination were markedly increased compared to the tar model and 

equal to or greater than 0.80 for NNN, NAT, NAB, and 2-aminonaphthalene, and equal to or greater than 0.73 for 
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NNK, 1-aminonaphthalene, 3-aminobiphenyl, and 4-aminobiphenyl. 

 

 

 

Fig. 5-3. Functional relationships of smoke constituent yield vs. nitric oxide (nitric oxide model). , exploratory 
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samples; , validation samples;  , regression line; ---, 95 % prediction interval. 

 

Fig. 5-3. (Continued) 

 

5.3.2 Verification with validation samples 

 

5.3.2.1 Prediction validity 

 

The validity of the prediction models described above was assessed by analyzing the number of cigarette brands 

of the validation sample which exhibited smoke constituent yields inside the respective 95 % prediction intervals. 

Fig. 5-4 presents the number of validation brands in percent by models and by constituents. The portion of 

validation brands inside the predictive intervals ranged from 75 % to 100 % over all constituents and models. The 

lowest portions were found for phenol (75 %, non-stratified tar model), crotonaldehyde (81 %, stratified tar model), 

acetone (83 %, non-stratified tar model) and pyridine (85 %, non-stratified tar model). 

 

5.3.2.2 Prediction errors 

 

In order to compare the precision of prediction for each regression model, mean relative prediction errors were 

computed over all validation brands. Fig. 5-5 shows mean relative prediction errors for all three regression models. 

Compared to the non-stratified tar model, the precision of prediction was improved after stratification, especially 

for TSNAs, aromatic amines, nitrogen oxides, and formaldehyde. The mean relative prediction error for NNN and 

NNK decreased from approximately 90 % down to 30 %. For other mainstream smoke constituents, the mean 

relative prediction error was similar between non-stratified and stratified tar models. The precision in prediction of 

TSNAs yields could be further improved by 3–8 % when applying the nitric oxide model. At the same time, the 

precision for predicting aromatic amines decreased by 12–20 %. Looking at the precision of the stratified tar model, 

the mean error over all constituents was 24 %, with 3-aminobiphenyl showing the lowest error of 7 %, and 

cadmium with the highest of 49 %. Errors for benzo[a]pyrene, phenolic compounds, ammonia, aromatic amines, 
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and mercury were around 15 % or less, while TSNAs, hydrogen cyanide, semi volatiles, and cadmium revealed 

errors of 30 % and more. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5-4. Proportions of validation samples within the 95 % prediction interval by each model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5-5. Mean relative prediction errors for each model. 
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5.3.3 Comparison of regression models over time 

 

In order to investigate the validity of functional relationships over time, regression models obtained for two 

different brand samples were compared. The first sample consisted of ninety-four JT Group brands from 2004 and 

2005, the second sample were ninety-six JT Group brands from 2002, both covering almost the same blend styles 

and cigarette design features and thus being considered representative for most of JT Group cigarette brands on the 

Japanese market. Prediction model data for both brand samples and the respective regression models are 

summarized in Appendix 5-5. Overlaid scatter plots and the corresponding regression lines including the limits of 

prediction on a 95 % level are shown in Fig. 5-6, for both samples. The regression lines for most of the constituents 

tend to have similar slopes for both survey samples. 

 

5.3.4 Comparison with a worldwide American blended filter cigarette sample 

 

In order to investigate the validity of functional relationships between markets, regression models calculated for 

two different brand samples were compared. The first brand sample consisted of one hundred five American 

blended filter cigarette brands sampled from worldwide market, the second brand sample was eighty-four American 

blended filter cigarettes from the Japanese market. The range of measured yields and the regression results against 

tar and nitric oxide are summarized in Appendix 5-6. Scatter plots in Fig. 5-7 show overlaid worldwide and 

Japanese market data. Similar slopes of the regression lines were observed for most of the constituents except for 

cadmium, pyridine, and hydrogen cyanide. The coefficients of determination against tar and nitric oxide are given 

in Fig. 5-8. The results suggest stable functional relationships for both samples. 

 

Fig. 5-6. Representative scatter plot patterns in the two periods (selected model). , 2004-2005 samples; , 2002 

samples;  , regression line and 95 % prediction interval of 2004-2005 samples; ---, regression line and 95 % 

prediction interval of 2002 samples. 
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Fig. 5-6. (Continued) 
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Fig. 5-6. (Continued) 
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Fig. 5-6. (Continued) 

 

 

Fig. 5-7. Representative scatter plot patterns in the Japanese market alone and the expanded worldwide markets (tar 

model). , Japanese market brands; , worldwide market brands;  , regression line and 95 % prediction interval 

of Japanese market brands; ---, regression line and 95 % prediction interval of worldwide market brands. 
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Fig. 5-7. (Continued) 
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Fig. 5-7. (Continued) 
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Fig. 5-8. Comparison of coefficients of determination in the Japanese market model and the expanded market 

model. 

 

5.4 Discussion 

 

A benchmark approach was used to evaluate functional relationships between individual mainstream smoke 

constituents and reliable smoke measures such as tar, nicotine or CO for commercial cigarette brands from the 

Japanese market. Compared to other markets in the world, the Japanese market is characterized by a wide range of 

tar segments, various filter types and blend types such as domestic blends, flue-cured blends, and American blends. 

Mainstream smoke constituents were selected according to regulatory reporting requirements in Canada and 

Brazil. Mainstream smoke yield data was generated under ISO smoking conditions. Within the 42 smoke 

constituents examined in this study, nickel, chromium, selenium, arsenic, lead, and resorcinol yields were close or 

below LOD for most of the brands, and excluded from further analysis. 

Strong linear relationships with tar, nicotine or CO were found for the majority of mainstream smoke 

constituents with R
2
 values being equal to or greater than 0.7. These findings are in agreement with those presented 

in previous benchmark studies and market surveys (Gregg et al., 2004; Counts et al., 2004; Borgerding et al., 2000). 

In comparison to the results by Gregg et al. (2004) who reported that particulate phase constituent yields correlated 

better with tar yields while volatile constituent yields correlated better with CO yields, our results do not indicate 

any difference. 

Weaker correlations were found when regressing TSNAs, nitrogen oxides, aromatic amines, ammonia and 

formaldehyde against tar, nicotine or CO. These results are not unexpected. TSNAs, nitrogen oxides, aromatic 

amines, ammonia, and formaldehyde yields in mainstream smoke are quite sensitive to the tobacco blend 
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composition. The amount of TSNAs in mainstream smoke is greatly influenced by the transfer of TSNAs from the 

tobacco filler blend (Fischer et al., 1990; d’Andres et al., 2003). The amount of TSNAs in the tobacco filler blend 

depends on the amount of precursors (e.g., nitrate and alkaloids) in the different tobacco types used for blending 

(Wiernik et al., 1995; Parsons et al., 1986; Brunnemann et al., 1983). Precursors are also responsible for the 

formation of aromatic amines, nitrogen oxides and ammonia during combustion (e.g., nitrate, protein, nitrogen 

content) (Im et al., 2003; Johnson et al., 1973; Chortyk and Scholtzhauer, 1973; Baker, 1999). All these precursors 

are abundantly present in Burley tobacco (Leffingwell, 1999). For formaldehyde which is also formed during 

combustion, sugars in the tobacco leaf appear to be the major precursors (Baker et al., 2006). Sugars in Burley 

tobacco occur only at low levels (Leffingwell, 1999). Consequently, functional relationships were improved after 

blend-type stratification for e.g., TSNAs, aromatic amines, nitrogen oxides, ammonia, and formaldehyde when 

regressing against tar. 

A closer look at the group of aromatic amines after blend-type stratification shows that R
2
 values were 

remarkably increased in the American blend-type group only. One explanation for this observation might be that the 

non-American blend-type group consists of both Virginia and domestic blend-type cigarette brands. In contrast to 

Virginia blends which are free from any Burley tobacco leaf, domestic blends include a small amount of Burley. As 

Burley tobacco, in general, generates higher aromatic amine smoke yields than flue-cured tobacco (Smith et al., 

1997), and as the ratio of Burley tobacco in domestic blends is highly variable, the correlation is expected to be less 

strong. 

Coefficients of determination for mercury and cadmium decreased after blend-type stratification for American 

blends, however increased for non-American blends. Several reasons might be responsible for these findings. 

Firstly, functional relationships between tar and some constituents like metals do not appear to be robust. This 

might be due to different mechanisms of generation during cigarette smoking. Tar is formed through combustion 

while mercury or cadmium is transferred directly from the tobacco filler blend into the smoke. Tobacco filler blend 

levels of metals depend on the tobacco type, the tobacco grade, the country or region of origin, and the year of 

harvesting (Moulin et al., 2006; Smith et al., 1997). Agronomical factors seem to contribute significantly to this 

source of variability. Secondly, it is known that carbon filters can trap the various vapor phase constituents and alter 

the yield of several smoke constituents (Norman et al., 1968). The potential influence of carbon filter on smoke 

yields is discussed further below. 

Alternatively to the blend-type stratification approach, TSNAs and aromatic amines were predicted by using a 

linear model with nitric oxide as independent variable. The results were similar or improved compared to those 

obtained from the stratified tar model. The precursors of nitrogen oxides, TSNAs, and aromatic amines are nitrogen 

compounds (represented by nitrites) which occur in the tobacco leaf. Although there is no direct causality between 

the formation of smoke nitrogen oxides, smoke TSNAs, and smoke aromatic amines, the fact that these smoke 

constituents have common precursors is thought to be one reason for the close functional relationships observed. 

The applicability of smoke yield prediction was assessed by analyzing a validation sample. The proportion of 

validation brands inside the corresponding prediction intervals ranged from 75 % to 100 % for all constituents and 

prediction models. Additionally, the mean relative prediction error was calculated from the validation sample by 

comparing predicted smoke yields to measured smoke yields. The mean relative prediction error ranged over all 
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constituents from 7 % to 49 % when using the blend stratified tar model. Counts et al. (2004) reported similar 

results with a prediction error ranging from 7 % to 29 % when using a linear weighted tar model. 

Other regression models besides linear have been assessed such as weighted regression, quadratic regression or 

linear regression with logarithmic transformed data. The results were similar to the findings obtained with the 

simple linear fit. Linear regression proves to be an adequate tool to predict smoke constituents. Certainly, this 

simple linear approach has its limitations. All prediction intervals illustrated in our charts are ‘‘equal-width’’ across 

the range of the independent variable. If the residual variance in the regression equation increases with the 

independent variable, the ‘‘equal-width’’ prediction intervals are over-estimated for the low end. On the other hand 

predictive intervals are under-estimated for the high end. A weighted regression using the inverse of the 

independent variable as correcting factor would give more weight to the low variance areas and thus might give 

better estimates of the slope and the intercept. However, the computation of prediction intervals from weighted 

regression, as proposed by Counts et al. (2004) does not appear to be a well-defined concept (STATA, 2005) and is 

not provided by professional statistical packages. In order to obtain prediction intervals from models with 

increasing variance, the standard procedure is to perform variance-stabilizing transformations. One of these 

standard procedures, assuming that the variance increases proportionally to the mean value, is the logarithmic 

transformation. Regressions on log-transformed data were performed, and the results were not substantially 

different from the linear fit. 

The validity of the developed functional relationships over time was demonstrated by comparing two 

independent brand samples taken at different periods of time from the Japanese market. Both brand samples were 

consistent in design and representative for the products on sale. Only minor differences were observed between the 

2002 and the 2004–2005 sample. 

Functional relationships developed for an American blend sample from the Japanese market were similar to those 

calculated for an American blend sample taken from worldwide markets. Both American blend samples showed 

similar slopes by constituents indicating homogeneity in blend composition and the use of tobacco leaf from similar 

international sources. 

For some constituents however, the slopes were slightly different when comparing the Japanese market sample 

with the worldwide sample. Fig. 5-7 shows a group of brands in the 9–15 mg tar segment which exhibit increased 

hydrogen cyanide yields. All brands of this group were made from tobaccos grown in the same region. The 

observed hydrogen cyanide yields are thought to represent a local leaf effect. 

Differences in slopes were observed also for cadmium and pyridine when comparing both American blend 

samples. These differences can be explained partially by carbon filter technology used in forty-nine brands out of 

eighty-four in the Japanese market sample compared to ten brands out of one hundred five in the worldwide market 

sample. Fig. 5-9 shows regression lines for both American blended samples after carbon-filter stratification. For 

pyridine and cadmium, Japanese and worldwide carbon filter products tended to release lower yields than 

non-carbon filter products. R
2
 values were increased, as reported by Counts et al. (2004), when including filter 

information into the model, however only for non-carbon filter samples. The picture for carbon filter samples was 

non-uniform providing both, an increase and a decrease of R
2
. This may indicate potential differences in amount 

and quality of activated charcoal used in the brands investigated. 
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In summary, tar, nicotine or CO were reliable indicators for the majority of mainstream smoke constituents 

investigated. R
2
 values demonstrated strong functional relationships. The prediction of blend-type sensitive 

constituents can be improved by blend-type stratification or, alternatively, by introducing nitric oxide as new 

independent variable. The results indicated that cigarette design features such as blend-type and filter type had 

strong impact on the variability of smoke constituent yields. Potential effects of other design parameters on the 

variability of smoke yields were not investigated. 

The analytical variability, estimated from repeated measurements of reference cigarettes during the period of this 

study and expressed as 95 % confidence interval of the mean, amounted to approximately 7–8 % for tar, nicotine, 

and CO. The corresponding confidence intervals for the mean yields of measured smoke constituents other than tar, 

nicotine or CO in reference cigarettes ranged from 9 % to 57 %, with confidence intervals greater than 15 % for 

two-third of the constituents. Similar results were obtained by Counts et al. (2004). Analytical variability (9–57 %) 

and error of prediction (7– 49 %) were in the same order of magnitude. These figures illustrated that prediction is a 

useful tool for providing smoke constituents yield information from conventional cigarettes as selected in this study, 

using a single laboratory. 

The analytical variability from our study and from Count’s study (Counts et al., 2004) provided an estimate 

reflecting the medium to long-term variability in one laboratory. This estimate does not include other sources of 

variability such as the manufacturing process, natural fluctuations of materials in use and the offset between 

different laboratories (ISO Standard 8243, 2013). If these measurements become analytical routine, international 

standardization and validation processes as defined by ISO might provide confidence intervals (‘‘tolerances’’) by 

far larger than those being effective for tar, nicotine and CO (ISO Standard 8243, 2013). According to Gregg et al. 

(2004), tolerances typically in excess of 50 % and sometimes 100 % might be required. 

In the absence of international standard methods, data across different studies should be regarded as indicative 

rather than absolute. However, accumulated data from various benchmark exercises suggests that yields of smoke 

constituents are largely predictable from tar, CO or nitric oxide within the range of variability defined by the study 

design, the sampling procedure, the manufacturing process, the frequency of testing and the experimental 

uncertainty. 
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Fig. 5-9. Representative scatter plots with and without carbon filter of Japanese brands and worldwide brands (tar 

model, American blend-type). ●, Ja_CF (Japanese brands with carbon filter); ○, Ja_NCF (Japanese brands without 

carbon filter); ▲, WW_CF (worldwide brands with carbon filter); , WW_NCF (worldwide brands without 

carbon filter). 
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Appendix 5-1 Pairwise correlation coefficients between constituents. 

analyte 

T
ar

 

N
ic

o
ti

n
e
 

C
O

 

N
N

N
 

N
A

T
 

N
A

B
 

N
N

K
 

F
o

rm
a
ld

eh
y
d
e
 

A
ce

ta
ld

eh
y
d
e
 

A
ce

to
n
e 

A
cr

o
le

in
 

P
ro

p
io

n
al

d
eh

y
d
e
 

C
ro

to
n
al

d
eh

y
d
e
 

M
E

K
 

n
-B

u
ty

ra
ld

eh
y
d
e
 

1
,3

-B
u
ta

d
ie

n
e
 

Is
o

p
re

n
e
 

A
cr

y
lo

n
it

ri
le

 

B
en

ze
n
e 

Tar 1.00 0.99 0.98 0.37 0.47 0.31 0.10 0.87 0.98 0.97 0.97 0.97 0.93 0.96 0.96 0.98 0.93 0.92 0.93 

Nicotine 0.99 1.00 0.96 0.38 0.48 0.33 0.11 0.84 0.96 0.96 0.96 0.96 0.88 0.93 0.95 0.96 0.94 0.89 0.92 

CO 0.98 0.96 1.00 0.33 0.43 0.24 0.04 0.85 0.98 0.98 0.95 0.98 0.92 0.96 0.96 0.97 0.91 0.88 0.92 

NNN 0.37 0.38 0.33 1.00 0.98 0.97 0.96 -0.04 0.37 0.32 0.20 0.31 -0.32 0.23 0.33 0.34 0.52 0.25 0.20 

NAT 0.47 0.48 0.43 0.98 1.00 0.98 0.94 0.08 0.45 0.42 0.31 0.41 -0.21 0.32 0.42 0.43 0.59 0.33 0.29 

NAB 0.31 0.33 0.24 0.97 0.98 1.00 0.91 -0.08 0.29 0.26 0.16 0.26 -0.24 0.19 0.28 0.26 0.47 0.30 0.16 

NNK 0.10 0.11 0.04 0.96 0.94 0.91 1.00 -0.23 0.07 0.05 0.00 0.07 -0.23 0.00 0.09 0.02 0.29 0.24 0.05 

Formaldehyde 0.87 0.84 0.85 -0.04 0.08 -0.08 -0.23 1.00 0.84 0.86 0.92 0.85 0.97 0.88 0.82 0.85 0.71 0.76 0.85 

Acetaldehyde 0.98 0.96 0.98 0.37 0.45 0.29 0.07 0.84 1.00 0.99 0.97 1.00 0.93 0.98 0.98 0.99 0.95 0.94 0.95 

Acetone 0.97 0.96 0.98 0.32 0.42 0.26 0.05 0.86 0.99 1.00 0.98 1.00 0.96 0.99 0.99 0.98 0.93 0.93 0.97 

Acrolein 0.97 0.96 0.95 0.20 0.31 0.16 0.00 0.92 0.97 0.98 1.00 0.98 0.97 0.98 0.97 0.97 0.91 0.91 0.97 

Propionaldehyde 0.97 0.96 0.98 0.31 0.41 0.26 0.07 0.85 1.00 1.00 0.98 1.00 0.94 0.99 0.99 0.98 0.94 0.94 0.97 

Crotonaldehyde 0.93 0.88 0.92 -0.32 -0.21 -0.24 -0.23 0.97 0.93 0.96 0.97 0.94 1.00 0.97 0.93 0.93 0.76 0.86 0.95 

Methyl ethyl ketone 0.96 0.93 0.96 0.23 0.32 0.19 0.00 0.88 0.98 0.99 0.98 0.99 0.97 1.00 0.99 0.97 0.91 0.92 0.97 

n-Butyraldehyde 0.96 0.95 0.96 0.33 0.42 0.28 0.09 0.82 0.98 0.99 0.97 0.99 0.93 0.99 1.00 0.98 0.96 0.95 0.97 

1,3-Butadiene 0.98 0.96 0.97 0.34 0.43 0.26 0.02 0.85 0.99 0.98 0.97 0.98 0.93 0.97 0.98 1.00 0.96 0.93 0.95 

Isoprene 0.93 0.94 0.91 0.52 0.59 0.47 0.29 0.71 0.95 0.93 0.91 0.94 0.76 0.91 0.96 0.96 1.00 0.96 0.92 

Acrylonitrile 0.92 0.89 0.88 0.25 0.33 0.30 0.24 0.76 0.94 0.93 0.91 0.94 0.86 0.92 0.95 0.93 0.96 1.00 0.94 

Benzene 0.93 0.92 0.92 0.20 0.29 0.16 0.05 0.85 0.95 0.97 0.97 0.97 0.95 0.97 0.97 0.95 0.92 0.94 1.00 

Toluene 0.89 0.87 0.86 0.01 0.11 0.05 0.07 0.82 0.91 0.93 0.93 0.94 0.92 0.95 0.95 0.90 0.88 0.93 0.99 

Hydrogen cyanide 0.98 0.96 0.97 0.38 0.47 0.34 0.17 0.85 0.98 0.97 0.96 0.97 0.90 0.96 0.96 0.97 0.94 0.96 0.94 

Benzo[a]pyrene 0.98 0.97 0.97 0.23 0.34 0.17 -0.06 0.88 0.97 0.96 0.96 0.96 0.92 0.95 0.95 0.96 0.89 0.85 0.92 

Hydroquinone 0.97 0.96 0.97 0.24 0.34 0.14 -0.12 0.86 0.97 0.96 0.94 0.95 0.89 0.94 0.94 0.96 0.89 0.85 0.89 

Catechol 0.96 0.96 0.95 0.04 0.15 0.04 -0.11 0.89 0.94 0.94 0.95 0.93 0.91 0.92 0.91 0.94 0.85 0.83 0.89 

Phenol 0.94 0.93 0.89 -0.08 0.05 0.02 -0.08 0.86 0.89 0.89 0.89 0.89 0.88 0.87 0.87 0.88 0.78 0.86 0.85 

m + p-Cresol 0.95 0.94 0.91 0.11 0.23 0.20 0.04 0.81 0.92 0.91 0.88 0.91 0.85 0.88 0.89 0.89 0.84 0.88 0.85 

o-Cresol 0.92 0.90 0.88 -0.08 0.05 0.01 -0.11 0.82 0.88 0.89 0.86 0.89 0.87 0.87 0.86 0.86 0.76 0.83 0.84 

Ammonia 0.84 0.84 0.75 0.54 0.63 0.60 0.49 0.55 0.79 0.75 0.72 0.76 0.56 0.69 0.75 0.77 0.86 0.84 0.70 

Nitric oxide 0.58 0.59 0.57 0.90 0.93 0.91 0.85 0.22 0.58 0.56 0.45 0.54 -0.06 0.45 0.54 0.55 0.68 0.43 0.43 

Nitrogen oxides 0.59 0.60 0.58 0.90 0.93 0.91 0.85 0.23 0.59 0.57 0.46 0.55 -0.04 0.47 0.56 0.57 0.69 0.45 0.44 

Pyridine 0.92 0.88 0.87 0.12 0.21 0.09 0.02 0.88 0.90 0.92 0.93 0.91 0.94 0.93 0.92 0.91 0.85 0.93 0.94 

Quinoline 0.93 0.94 0.85 0.24 0.35 0.30 0.20 0.75 0.89 0.88 0.88 0.88 0.78 0.83 0.87 0.88 0.89 0.90 0.86 

Styrene 0.91 0.88 0.87 0.15 0.24 0.09 0.00 0.87 0.90 0.92 0.94 0.92 0.93 0.94 0.92 0.91 0.86 0.91 0.95 

1-Aminonaphthalene 0.73 0.74 0.69 0.81 0.85 0.81 0.67 0.33 0.72 0.67 0.57 0.66 0.01 0.58 0.68 0.71 0.82 0.56 0.53 

2-Aminonaphthalene 0.69 0.71 0.67 0.85 0.87 0.84 0.74 0.29 0.69 0.65 0.54 0.64 -0.04 0.54 0.65 0.68 0.79 0.52 0.50 

3-Aminobiphenyl 0.70 0.71 0.68 0.84 0.86 0.82 0.70 0.30 0.70 0.66 0.53 0.65 -0.05 0.56 0.66 0.69 0.80 0.54 0.50 

4-Aminobiphenyl 0.66 0.66 0.64 0.86 0.88 0.85 0.73 0.25 0.66 0.62 0.48 0.61 -0.12 0.52 0.62 0.65 0.76 0.48 0.45 
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Mercury 0.87 0.84 0.89 -0.48 -0.37 -0.39 -0.40 0.94 0.89 0.91 0.93 0.90 0.95 0.92 0.88 0.92 0.69 0.78 0.90 

Cadmium 0.86 0.83 0.85 -0.21 -0.09 -0.16 -0.19 0.96 0.84 0.89 0.92 0.86 0.98 0.90 0.84 0.85 0.69 0.78 0.90 
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Tar 0.89 0.98 0.98 0.97 0.96 0.94 0.95 0.92 0.84 0.58 0.59 0.92 0.93 0.91 0.73 0.69 0.70 0.66 0.87 0.86 

Nicotine 0.87 0.96 0.97 0.96 0.96 0.93 0.94 0.90 0.84 0.59 0.60 0.88 0.94 0.88 0.74 0.71 0.71 0.66 0.84 0.83 

CO 0.86 0.97 0.97 0.97 0.95 0.89 0.91 0.88 0.75 0.57 0.58 0.87 0.85 0.87 0.69 0.67 0.68 0.64 0.89 0.85 

NNN 0.01 0.38 0.23 0.24 0.04 -0.08 0.11 -0.08 0.54 0.90 0.90 0.12 0.24 0.15 0.81 0.85 0.84 0.86 -0.48 -0.21 

NAT 0.11 0.47 0.34 0.34 0.15 0.05 0.23 0.05 0.63 0.93 0.93 0.21 0.35 0.24 0.85 0.87 0.86 0.88 -0.37 -0.09 

NAB 0.05 0.34 0.17 0.14 0.04 0.02 0.20 0.01 0.60 0.91 0.91 0.09 0.30 0.09 0.81 0.84 0.82 0.85 -0.39 -0.16 

NNK 0.07 0.17 -0.06 -0.12 -0.11 -0.08 0.04 -0.11 0.49 0.85 0.85 0.02 0.20 0.00 0.67 0.74 0.70 0.73 -0.40 -0.19 

Formaldehyde 0.82 0.85 0.88 0.86 0.89 0.86 0.81 0.82 0.55 0.22 0.23 0.88 0.75 0.87 0.33 0.29 0.30 0.25 0.94 0.96 

Acetaldehyde 0.91 0.98 0.97 0.97 0.94 0.89 0.92 0.88 0.79 0.58 0.59 0.90 0.89 0.90 0.72 0.69 0.70 0.66 0.89 0.84 

Acetone 0.93 0.97 0.96 0.96 0.94 0.89 0.91 0.89 0.75 0.56 0.57 0.92 0.88 0.92 0.67 0.65 0.66 0.62 0.91 0.89 

Acrolein 0.93 0.96 0.96 0.94 0.95 0.89 0.88 0.86 0.72 0.45 0.46 0.93 0.88 0.94 0.57 0.54 0.53 0.48 0.93 0.92 

Propionaldehyde 0.94 0.97 0.96 0.95 0.93 0.89 0.91 0.89 0.76 0.54 0.55 0.91 0.88 0.92 0.66 0.64 0.65 0.61 0.90 0.86 

Crotonaldehyde 0.92 0.90 0.92 0.89 0.91 0.88 0.85 0.87 0.56 -0.06 -0.04 0.94 0.78 0.93 0.01 -0.04 -0.05 -0.12 0.95 0.98 

Methyl ethyl ketone 0.95 0.96 0.95 0.94 0.92 0.87 0.88 0.87 0.69 0.45 0.47 0.93 0.83 0.94 0.58 0.54 0.56 0.52 0.92 0.90 

n-Butyraldehyde 0.95 0.96 0.95 0.94 0.91 0.87 0.89 0.86 0.75 0.54 0.56 0.92 0.87 0.92 0.68 0.65 0.66 0.62 0.88 0.84 

1,3-Butadiene 0.90 0.97 0.96 0.96 0.94 0.88 0.89 0.86 0.77 0.55 0.57 0.91 0.88 0.91 0.71 0.68 0.69 0.65 0.92 0.85 

Isoprene 0.88 0.94 0.89 0.89 0.85 0.78 0.84 0.76 0.86 0.68 0.69 0.85 0.89 0.86 0.82 0.79 0.80 0.76 0.69 0.69 

Acrylonitrile 0.93 0.96 0.85 0.85 0.83 0.86 0.88 0.83 0.84 0.43 0.45 0.93 0.90 0.91 0.56 0.52 0.54 0.48 0.78 0.78 

Benzene 0.99 0.94 0.92 0.89 0.89 0.85 0.85 0.84 0.70 0.43 0.44 0.94 0.86 0.95 0.53 0.50 0.50 0.45 0.90 0.90 

Toluene 1.00 0.90 0.86 0.83 0.83 0.82 0.81 0.81 0.66 0.22 0.23 0.95 0.82 0.96 0.31 0.28 0.28 0.22 0.85 0.89 

Hydrogen cyanide 0.90 1.00 0.95 0.94 0.93 0.90 0.92 0.88 0.84 0.59 0.60 0.92 0.91 0.91 0.71 0.68 0.68 0.64 0.85 0.83 

Benzo[a]pyrene 0.86 0.95 1.00 0.98 0.98 0.93 0.94 0.92 0.72 0.48 0.49 0.87 0.88 0.88 0.65 0.61 0.61 0.56 0.90 0.86 

Hydroquinone 0.83 0.94 0.98 1.00 0.98 0.93 0.94 0.92 0.70 0.46 0.47 0.87 0.86 0.88 0.66 0.62 0.64 0.60 0.90 0.83 

Catechol 0.83 0.93 0.98 0.98 1.00 0.93 0.93 0.91 0.70 0.30 0.31 0.86 0.88 0.87 0.52 0.48 0.48 0.41 0.91 0.87 

Phenol 0.82 0.90 0.93 0.93 0.93 1.00 0.99 0.99 0.73 0.17 0.19 0.87 0.91 0.83 0.35 0.26 0.28 0.21 0.84 0.83 

m + p-Cresol 0.81 0.92 0.94 0.94 0.93 0.99 1.00 0.99 0.81 0.35 0.36 0.86 0.92 0.83 0.54 0.47 0.49 0.42 0.79 0.78 

o-Cresol 0.81 0.88 0.92 0.92 0.91 0.99 0.99 1.00 0.70 0.16 0.18 0.85 0.87 0.82 0.34 0.24 0.28 0.21 0.82 0.81 

Ammonia 0.66 0.84 0.72 0.70 0.70 0.73 0.81 0.70 1.00 0.67 0.68 0.70 0.88 0.65 0.82 0.79 0.78 0.74 0.43 0.54 

Nitric oxide 0.22 0.59 0.48 0.46 0.30 0.17 0.35 0.16 0.67 1.00 1.00 0.29 0.45 0.34 0.88 0.91 0.87 0.88 -0.22 0.05 

Nitrogen oxides 0.23 0.60 0.49 0.47 0.31 0.19 0.36 0.18 0.68 1.00 1.00 0.31 0.46 0.36 0.89 0.91 0.88 0.89 -0.21 0.06 

Pyridine 0.95 0.92 0.87 0.87 0.86 0.87 0.86 0.85 0.70 0.29 0.31 1.00 0.86 0.98 0.41 0.37 0.40 0.35 0.87 0.90 

Quinoline 0.82 0.91 0.88 0.86 0.88 0.91 0.92 0.87 0.88 0.45 0.46 0.86 1.00 0.84 0.63 0.59 0.57 0.50 0.71 0.73 

Styrene 0.96 0.91 0.88 0.88 0.87 0.83 0.83 0.82 0.65 0.34 0.36 0.98 0.84 1.00 0.45 0.42 0.44 0.39 0.87 0.91 

1-Aminonaphthalene 0.31 0.71 0.65 0.66 0.52 0.35 0.54 0.34 0.82 0.88 0.89 0.41 0.63 0.45 1.00 0.98 0.98 0.97 -0.09 0.11 

2-Aminonaphthalene 0.28 0.68 0.61 0.62 0.48 0.26 0.47 0.24 0.79 0.91 0.91 0.37 0.59 0.42 0.98 1.00 0.98 0.97 -0.15 0.08 
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3-Aminobiphenyl 0.28 0.68 0.61 0.64 0.48 0.28 0.49 0.28 0.78 0.87 0.88 0.40 0.57 0.44 0.98 0.98 1.00 0.99 -0.15 0.07 

4-Aminobiphenyl 0.22 0.64 0.56 0.60 0.41 0.21 0.42 0.21 0.74 0.88 0.89 0.35 0.50 0.39 0.97 0.97 0.99 1.00 -0.22 0.01 

Mercury 0.85 0.85 0.90 0.90 0.91 0.84 0.79 0.82 0.43 -0.22 -0.21 0.87 0.71 0.87 -0.09 -0.15 -0.15 -0.22 1.00 0.94 

Cadmium 0.89 0.83 0.86 0.83 0.87 0.83 0.78 0.81 0.54 0.05 0.06 0.90 0.73 0.91 0.11 0.08 0.07 0.01 0.94 1.00 
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Appendix 5-2 

Linear regression parameters (a and b) and coefficients of determination (R
2
) to predict ISO smoke constituent 

yields for Japanese market brands, model form: y=ax+b. 

Constituent 
Range of 

mean values 

Coefficients of linear model  

 With Tar 

 

 With Nicotine  With CO 

a b R2  a b R2  a b R2 

NNN ng/cig 6.3 - 161.3 

 

2.760 30.95 0.14  38.244 28.88 0.15  2.631 30.39 0.11 

NAT ng/cig 8.2 - 166.0 

 

3.372 28.05 0.22  46.711 25.53 0.23  3.273 26.94 0.18 

NAB ng/cig <2.00 - 21.7 0.282 4.96 0.10  4.118 4.62 0.11  0.242 5.14 0.06 

NNK ng/cig <12.4 -102.9            

Formaldehyde μg/cig 

Linear 

regres

sion 

param

eters 

(a and 

b) and 

coeffi

cients 

of 

deter

minati

on 

(R
2
) 

to 

predic

t ISO 

smok

e 

consti

tuent 

yields 

for 

Japan

ese 

marke

t 

brand

s, 

model 

form: 

y=ax+

b  

Co

nsti

R

a

n

Coefficients of linear model  

 Wi With  With 

1.6 - 153.8 6.259 -14.57 0.75  82.152 -16.79 0.70  6.544 -20.08 0.72 

Acetaldehyde μg/cig 33.6 - 847.3 41.112 43.93 0.96  550.762 23.33 0.93  44.113 -0.50 0.97 

Acetone μg/cig 12.4 - 429.3 

 

19.823 19.15 0.95  265.427 9.29 0.92  21.256 -2.16 0.96 

Acrolein μg/cig <2..37 - 100.9 4.946 -1.97 0.93  66.630 -4.64 0.91  5.241 -6.90 0.91 

Propionaldehyde μg/cig <3.33 - 72.8 3.417 3.82 0.95  45.795 2.11 0.92  3.682 -0.06 0.96 

Crotonaldehyde μg/cig <0.98 - 42.6 2.306 -7.98 0.86  30.414 -8.76 0.78  2.506 -10.85 0.84 

Methyl ethyl ketone μg/cig <1.09 - 111.3 5.058 2.79 0.91  67.137 0.63 0.87  5.445 -2.92 0.92 

n-Butyraldehyde μg/cig <2.7 - 41.5 1.973 3.43 0.92  26.509 2.40 0.90  2.108 1.33 0.91 

1,3-Butadiene μg/cig 2.4 - 60.8 2.924 4.32 0.95  39.207 2.83 0.92  3.110 1.36 0.95 

Isoprene μg/cig 17.8 - 433.0 20.425 45.00 0.87  278.876 31.92 0.88  21.218 28.04 0.83 

Acrylonitrile μg/cig <0.282 - 9.8 0.512 0.77 0.85  6.830 0.54 0.80  0.544 0.22 0.78 

Benzene μg/cig <4.63 - 53.8 2.449 4.15 0.87  33.072 2.75 0.85  2.611 1.56 0.85 

Toluene μg/cig <8.32 - 78.9 3.620 7.12 0.79  48.782 5.11 0.75  3.881 2.97 0.74 

Hydrogen cyanide μg/cig <1.75 - 199.8 9.874 -8.39 0.96  131.538 -12.93 0.92  10.406 -17.71 0.93 

Benzo[a]pyrene ng/cig 0.8 - 16.5 0.741 0.53 0.95  10.053 0.09 0.95  0.786 -0.21 0.94 

Hydroquinone μg/cig 5.0 - 88.3 4.233 4.56 0.94  56.806 2.38 0.92  4.518 0.16 0.94 

Catechol μg/cig 4.8 - 103.4 4.473 3.99 0.93  61.030 1.09 0.93  4.801 -1.12 0.91 

Phenol μg/cig <0.573 - 31.5 1.504 -2.43 0.88  20.458 -3.39 0.86  1.582 -3.88 0.79 

m + p-Cresol μg/cig <0.509 - 18.3 0.851 0.09 0.90  11.577 -0.47 0.88  0.900 -0.79 0.83 

o-Cresol μg/cig <0.074 - 7.2 0.334 -0.12 0.85  4.508 -0.31 0.82  0.351 -0.43 0.78 

Ammonia μg/cig <2.45 - 20.8 0.846 2.56 0.71  11.658 1.91 0.70  0.834 2.23 0.56 

Nitric oxide μg/cig 12.8 - 332.4 7.157 48.86 0.34  98.372 43.92 0.34  7.472 42.64 0.32 

Nitrogen oxides μg/cig 13.5 - 339.0 7.508 49.97 0.35  102.783 45.01 0.35  7.849 43.37 0.34 

Pyridine μg/cig <0.791 - 20.6 0.901 -1.08 0.84  11.902 -1.43 0.78  0.925 -1.74 0.76 

Quinoline μg/cig <0.024 - 0.7 0.027 0.02 0.87  0.373 -0.01 0.89  0.027 0.00 0.72 

Styrene μg/cig <0.56 - 12.3 0.569 -0.22 0.82  7.591 -0.50 0.78  0.587 -0.66 0.76 

1-Aminonaphthalene ng/cig 1.5 - 26.0 0.822 4.57 0.53  11.382 3.96 0.55  0.837 4.01 0.48 

2-Aminonaphthalene ng/cig 1.0 - 16.6 0.488 3.03 0.48  6.818 2.63 0.51  0.502 2.66 0.45 

3-Aminobiphenyl ng/cig 0.2 - 3.5 0.115 0.78 0.49  1.572 0.70 0.50  0.118 0.69 0.46 

4-Aminobiphenyl ng/cig 0.2 - 2.8 0.083 0.64 0.44  1.135 0.59 0.44  0.085 0.58 0.40 

Mercury ng/cig <1.1 - 5.7 0.221 0.60 0.76  2.946 0.50 0.70  0.254 0.17 0.80 

Cadmium ng/cig <0.475 - 132.6 6.205 -25.70 0.74  83.004 -28.83 0.69  6.760 -33.80 0.72 
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Appendix 5-3 

Linear regression parameters (a and b) and coefficients of determination (R
2
) to predict ISO smoke constituent 

yields for Japanese market brands after tobacco blend-type stratification, model form: y=ax+b. 

Constituent 
Range of  

mean values 

Coefficients of stratified model based on Tar 

American blend 

 

 Non-American blend 

a b R2  a b R2 

NNN ng/cig 6.3 - 161.3 

 

8.683 8.49 0.77     

NAT ng/cig 8.2 - 166.0 

 

8.541 8.78 0.75  1.494 13.36 0.57 

NAB ng/cig <2.00 - 21.7 0.996 1.71 0.62  0.127 2.21 0.52 

NNK ng/cig <12.4 -102.9 4.733 11.05 0.48     

Formaldehyde μg/cig 1.6 - 153.8 2.938 -0.76 0.91  8.466 -22.26 0.89 

Acetaldehyde μg/cig 33.6 - 847.3 42.596 35.47 0.95  38.524 74.74 0.95 

Acetone μg/cig 12.4 - 429.3 

 

19.064 22.03 0.93  20.129 20.78 0.94 

Acrolein μg/cig <2..37 - 100.9 4.078 1.71 0.91  5.340 

340 

-1.42 0.96 

Propionaldehyde μg/cig <3.33 - 72.8 3.384 3.96 0.92  3.434 3.82 0.94 

Crotonaldehyde μg/cig <0.98 - 42.6 1.228 -0.35 0.65  2.499 -7.79 0.95 

Methyl ethyl ketone μg/cig <1.09 - 111.3 4.502 5.42 0.86  5.440 0.77 0.93 

n-Butyraldehyde μg/cig <2.7 - 41.5 2.012 3.22 0.89  1.932 3.80 0.92 

1,3-Butadiene μg/cig 2.4 - 60.8 2.961 3.84 0.94  2.672 8.29 0.93 

Isoprene μg/cig 17.8 - 433.0 24.695 27.34 0.92  17.650 53.79 0.83 

Acrylonitrile μg/cig <0.282 - 9.8 0.598 0.33 0.80  0.519 0.17 0.95 

Benzene μg/cig <4.63 - 53.8 2.107 6.14 0.75  2.723 1.72 0.94 

Toluene μg/cig <8.32 - 78.9 2.955 11.71 0.53  4.146 1.17 0.92 

Hydrogen cyanide μg/cig <1.75 - 199.8 10.025 -8.80 0.93  9.929 -10.69 0.98 

Benzo[a]pyrene ng/cig 0.8 - 16.5 0.668 0.72 0.95  0.712 1.68 0.96 

Hydroquinone μg/cig 5.0 - 88.3 4.081 4.43 0.91  3.803 13.30 0.97 

Catechol μg/cig 4.8 - 103.4 3.883 5.82 0.93  4.146 14.23 0.97 

Phenol μg/cig <0.573 - 31.5 1.325 -1.33 0.74  1.513 -1.82 0.92 

m + p-Cresol μg/cig <0.509 - 18.3 0.880 -0.12 0.84  0.831 0.28 0.93 

o-Cresol μg/cig <0.074 - 7.2 0.304 0.08 0.72  0.342 -0.14 0.87 

Ammonia μg/cig <2.45 - 20.8 1.406 -0.82 0.87  0.757 1.46 0.96 

Nitric oxide μg/cig 12.8 - 332.4 14.682 20.33 0.71  4.094 33.10 0.72 

Nitrogen oxides μg/cig 13.5 - 339.0 15.229 20.73 0.72  4.389 33.38 0.72 

Pyridine μg/cig <0.791 - 20.6 0.738 -0.35 0.67  1.048 -2.63 0.95 

Quinoline μg/cig <0.024 - 0.7 0.032 -0.01 0.88  0.025 0.03 0.85 

Styrene μg/cig <0.56 - 12.3 0.445 0.43 0.65  0.676 -1.10 0.93 

1-Aminonaphthalene ng/cig 1.5 - 26.0 1.523 1.66 0.89  0.361 6.09 0.59 

2-Aminonaphthalene ng/cig 1.0 - 16.6 0.944 1.14 0.89  0.188 4.04 0.40 

3-Aminobiphenyl ng/cig 0.2 - 3.5 0.226 0.32 0.93  0.046 0.94 0.58 

4-Aminobiphenyl ng/cig 0.2 - 2.8 0.174 0.27 0.93  0.028 

0.0280.02

80.028 

0.75 0.49 

Mercury ng/cig <1.1 - 5.7 0.097 1.43 0.35  0.215 1.11 0.93 

Cadmium ng/cig <0.475 - 132.6 2.159 -1.10 0.45  7.690 -30.49 0.93 
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Appendix 5-4 

Linear regression parameters (a and b) and coefficients of determination (R
2
) to predict ISO smoke constituent 

yields for Japanese market brands using either tar or nitric oxide as independent variable, model form: y=ax+b. 

Constituent 
Range of 

mean values 

Coefficients of linear model based on Tar or NO 

With Tar 

 

 With NO 

a b R2  a b R2 

NNN ng/cig 6.3 - 161.3 

 

2.760 30.95 0.14  0.534 -2.35 0.80 

NAT ng/cig 8.2 - 166.0 

 

3.372 28.05 0.22  0.539 -1.56 0.87 

NAB ng/cig <2.00 - 21.7 0.282 4.96 0.10  0.068 -0.20 0.83 

NNK ng/cig <12.4 -102.9     0.339 -1.08 0.73 

1-Aminonaphthalene ng/cig 1.5 - 26.0 0.822 4.57 0.53  0.081 2.25 0.78 

2-Aminonaphthalene ng/cig 1.0 - 16.6 0.488 3.03 0.48  0.052 1.32 0.82 

3-Aminobiphenyl ng/cig 0.2 - 3.5 0.115 0.78 0.49  0.012 0.43 0.76 

4-Aminobiphenyl ng/cig 0.2 - 2.8 0.083 0.64 0.44  0.009 

0.0280.028

0.028 

0.33 0.78 
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Appendix 5-5 

Comparison of linear regression parameters (a and b) and coefficients of determination (R
2
) calculated from two 

separate Japanese market samples (2002 and 2004-2005), model form: y=ax+b. 

Constituent Stratification Indicator 

 2004 - 2005  2002 

Range of  Model coefficients Range of  Model coefficients 

mean results a b  R2  mean results a b  R2  

NNN ng/cig Without NO 6.4 - 144 0.567 -5.99 0.74 8.5 - 135 

 

0.572 -5.65  0.71  

NAT ng/cig Without NO 8.2 - 133 0.553 -3.69 0.80 11.1 - 131 

 

0.556 -3.54  0.82  

NAB ng/cig Without NO <2.0 - 14.5 0.065 -0.17 0.75 <2.0 - 17.1 0.072 0.16  0.73  

NNK ng/cig Without NO <12.4 -103 0.391 -6.37 0.63 <12.4 -104 0.393 -1.18  0.63  

Formaldehyde μg/cig Without Tar 1.6 - 154 6.382 -14.39 0.80 1.8 - 139 5.962 -14.88  0.77  

Acetaldehyde μg/cig Without Tar 33.7 - 847 40.829 49.79 0.96 30.5 - 842 40.768 42.30  0.95  

Acetone μg/cig Without Tar 12.5 - 429 19.725 22.29 0.95 14.3 - 414 

 

19.321 20.34  0.93  

Acrolein μg/cig Without Tar <2..37 - 101 4.959 -1.69 0.95 <2..37 - 118 5.589 -3.59  0.91  

Propionaldehyde μg/cig Without Tar <3.33 - 72.8 3.432 4.04 0.95 <3.33 - 71.8 3.415 3.36  0.93  

Crotonaldehyde μg/cig Without Tar <0.98 - 42.6 2.212 -6.66 0.88 <0.98 - 45.1 2.241 -7.93  0.80  

Methyl ethyl ketone μg/cig Without Tar <1.09 - 111 5.082 3.26 0.93 <1.09 - 95.4 4.606 0.40  0.88  

n-Butyraldehyde μg/cig Without Tar <2.7 - 41.4 1.979 3.57 0.92 <2.7 - 43.3 2.035 2.17  0.91  

1,3-Butadiene μg/cig Without Tar 3.1 - 60.8 2.898 4.72 0.95 4.8 - 73.0 3.116 6.33  0.92  

Isoprene μg/cig Without Tar 17.9 - 433 19.816 47.70 0.86 30.0 - 519 22.121 59.03  0.88  

Acrylonitrile μg/cig Without Tar <0.28 - 9.8 0.522 0.68 0.86 <0.28 - 14.5 0.563 0.61  0.83  

Benzene μg/cig Without Tar <4.63 - 53.7 2.440 4.26 0.89 <4.63 - 55.0 2.430 4.52  0.85  

Toluene μg/cig Without Tar <8.32 - 78.8 3.656 6.98 0.81 <8.32 - 85.3 3.728 5.91  0.81  

Hydrogen cyanide μg/cig Without Tar <1.75 - 200 10.003 -9.32 0.96 <1.75 - 205 10.639 -15.76  0.95  

Benzo[a]pyrene ng/cig Without Tar 0.8 - 16.5 0.740 0.68 0.95 0.8 - 15.9 0.691 0.91  0.93  

Hydroquinone μg/cig Without Tar 5.0 - 88.3 4.298 5.29 0.96 4.5 - 98.4 3.858 5.24  0.95  

Catechol μg/cig Without Tar 5.4 - 103 4.514 4.87 0.93 5.4 - 106 4.095 4.54  0.95  

Phenol μg/cig Without Tar <0.57 - 31.5 1.500 -1.88 0.87 <0.57 - 30.1 1.350 -1.06  0.89  

m + p-Cresol μg/cig Without Tar <0.51 - 18.3 0.839 0.37 0.90 <0.51 - 18.5 0.826 0.39  0.91  

o-Cresol μg/cig Without Tar <0.07 - 7.1 0.329 0.02 0.85 <0.07 - 6.7 0.292 0.17  0.86  

Ammonia μg/cig Without Tar <2.45 - 17.2 0.830 2.30 0.81 <2.45 - 21.1 0.778 2.84  0.81  

Nitric oxide 

 

 

μg/cig American Tar 12.9 - 191 11.699 27.64 0.78 17.1 - 213 11.175 27.39 0.89 

 
 

 

μg/cig Non-American Tar 24.7 - 127 4.197 29.65 0.71 37.0 - 147 4.814 30.51 0.63 

Nitrogen oxides μg/cig American Tar 13.6 - 196 12.268 27.94 0.79 19.6 - 221 11.578 29.69  0.89  

 μg/cig Non-American Tar 25.0 - 136 4.521 29.18 0.72 39.6 - 155 5.260 29.97  0.65  

Pyridine μg/cig Without Tar <0.56 - 20.6 0.949 -1.22 0.87 <0.56 - 21.0 0.967 -2.39  0.81  

Quinoline μg/cig Without Tar <0.02 - 0.7 0.027 0.01 0.89 <0.02 - 0.7 0.029 0.01  0.91  

Styrene μg/cig Without Tar <0.56 - 12.3 0.592 -0.31 0.85 <0.56 - 12.6 0.554 -0.51  0.83  

1-Aminonaphthalen

e 

ng/cig American Tar 1.6 - 21.6 1.393 2.00 0.91 2.2 - 24.0 1.336 2.96  0.88  

 ng/cig Non-American Tar 4.5 - 19.4 0.342 6.45 0.56 7.2 - 18.9 0.496 6.45  0.63  

2-Aminonaphthalen

e 

ng/cig American Tar 1.1 - 14.0 0.831 1.45 0.90 1.4 - 13.3 0.793 2.01  0.88  

 ng/cig Non-American Tar 3.0- 10.2 0.169 4.33 0.37 4.6 - 10.0 0.210 4.79  0.47  

3-Aminobiphenyl ng/cig American Tar 0.3 - 3.2 0.208 0.38 0.94 0.4 - 3.6 

 

0.191 0.46 0.93 

 ng/cig Non-American Tar 0.8 - 2.1 0.048 0.93 0.65 1.1 - 2.2 

 

0.049 1.06 0.57 

4-Aminobiphenyl ng/cig American Tar 0.2 - 2.5 0.158 0.32 0.93 0.3 - 2.5 0.141 0.41 0.91 

 ng/cig Non-American Tar 0.7 - 1.4 0.029 0.75 0.56 0.8 - 1.7 0.026 0.88 0.35 

Mercury ng/cig Without Tar <1.1 - 5.7 0.222 0.68 0.83 <1.1 - 5.9 0.207 0.84  0.75  

Cadmium ng/cig Without Tar <0.48 - 133 6.135 -24.41 0.76 <0.48 - 149 6.066 -19.18  0.69  
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Appendix 5-6 

Comparison of linear regression parameters (a and b) and coefficients of determination (R
2
) calculated from two 

separate American blended cigarette brand groups (Japan and Worldwide), model form: y=ax+b. 

Constituent Variable 

 Japanese market (American blend)  Worldwide market (American blend) 

Range of 

mean results 

Model coefficients Range of 

mean results 

Model coefficients 

 a  b   R2  a  b   R2 

NNN ng/cig Tar 

 

6.3 - 161.3 8.079 10.80 0.73 10.9 - 182.0 9.048 -2.02 0.56 

 ng/cig NO 

 

6.3 - 161.3 0.533 2.44 0.85 10.9 - 182.0 0.595 -7.47 0.79 

NAT ng/cig Tar 

 

8.2 - 166.0 7.959 11.04 0.72 11.6 - 152.9 7.583 3.61 0.61 

 ng/cig NO 

 

8.2 - 166.0 0.532 2.12 0.86 11.6 - 152.9 0.479 1.66 0.79 

NAB ng/cig Tar 

 

<2.00 - 21.7 0.913 2.06 0.61 <2.00 - 20.2 0.958 0.45 0.54 

 ng/cig NO 

 

<2.00 - 21.7 0.065 0.55 0.84 <2.00 - 20.2 0.062 -0.02 0.79 

NNK ng/cig Tar 

 

<12.4 -102.9 4.627 10.50 0.54 <12.4 - 93.8 4.867 1.71 0.56 

 ng/cig NO 

 

<12.4 -102.9 0.324 3.23 0.74 <12.4 - 93.8 0.289 3.06 0.67 

Formaldehyde μg/cig Tar 

 

1.6 - 66.1 3.212 -1.75 0.89 2.3 - 54.2 3.168 -2.27 0.74 

Acetaldehyde μg/cig Tar 

 

33.6 - 618.5 43.227 33.19 0.95 55.5 - 782.9 43.340 44.69 0.88 

Acetone μg/cig Tar 

 

12.4 - 285.9 19.445 20.60 0.92 31.0 - 361.4 19.758 36.19 0.88 

Acrolein μg/cig Tar 

 

<2..37 - 63.3 4.182 1.31 0.91 4.3 - 77.2 4.616 1.69 0.85 

Propionaldehyde μg/cig Tar 

 

<3.33 - 53.7 3.484 3.56 0.91 5.2 - 69.2 3.725 4.54 0.88 

Crotonaldehyde μg/cig Tar 

 

<0.98 - 24.5 1.386 -1.22 0.70 <0.98 - 30.9 1.768 -2.90 0.77 

Methyl ethyl ketone μg/cig Tar 

 

<1.09 - 80.5 4.741 4.27 0.86 6.6 - 90.9 5.345 4.86 0.86 

n-Butyraldehyde μg/cig Tar 

 

<2.7 - 34.8 2.069 3.02 0.89 3.8 - 43.4 2.410  1.33 0.91 

1,3-Butadiene μg/cig Tar 

 

2.4 - 47.1 3.049 3.45 0.94 6.4 - 57.7 2.976 6.70 0.87 

Isoprene μg/cig Tar 

 

17.8 - 391.9 25.313 24.69 0.92 60.2 - 463.7 23.996 62.44 0.85 

Acrylonitrile μg/cig Tar 

 

<0.282 - 9.7 0.645 0.02 0.82 <0.282 - 12.6 0.793 -0.40 0.85 

Benzene μg/cig Tar 

 

<4.63 - 40.5 2.253 5.20 0.78 6.3 - 49.3 2.531 8.28 0.85 

Toluene μg/cig Tar 

 

<8.32 - 68.4 3.281 9.74 0.60 <8.32 - 86.9 4.614 9.82 0.82 

Hydrogen cyanide μg/cig Tar 

 

<1.75 - 147.6 10.314 -10.26 0.93 2.8 - 240.4 13.714 -31.25 0.83 

Benzo[a]pyrene ng/cig Tar 

 

0.8 - 9.6 0.663 0.80 0.94 1.12 - 13.7 0.694 0.84 0.84 

Hydroquinone μg/cig Tar 

 

5.0 - 67.2 4.176 4.21 0.92 6.12 - 82.5 3.936 4.11 0.89 

Catechol μg/cig Tar 

 

<1.61 - 64.6 3.901 5.95 0.94 <1.61 - 65.7 3.643 8.13 0.91 

Phenol μg/cig Tar 

 

<0.573 - 21.0 1.359 -1.27 0.75 <0.573 - 19.4 1.417 -2.61 0.84 

m + p-Cresol μg/cig Tar 

 

<0.509 - 12.6 0.871 0.07 0.85 <0.509 - 13.7 0.928 -0.90 0.86 

o-Cresol μg/cig Tar 

 

<0.074 - 5.2 0.312 0.07 0.77 <0.074 - 4.9 0.341 -0.41 0.85 

Ammonia μg/cig Tar 

 

<2.45 - 20.8 1.352 -0.47 0.88 <2.45 - 26.0 1.515 -1.81 0.82 

Nitric oxide μg/cig Tar 

 

12.8 - 332.4 13.484 25.03 0.68 18.3 - 294.8 14.233 16.99 0.63 

Nitrogen oxides μg/cig Tar 

 

13.5 - 339.0 14.045 25.31 0.70 18.3 - 311.1 14.852 15.82 0.62 

Pyridine μg/cig Tar 

 

<0.791 - 16.7 0.836 -0.54 0.70 <0.791 - 18.2 1.259 -2.82 0.85 

Quinoline μg/cig Tar 

 

<0.024 - 0.5 0.032 -0.01 0.89 <0.024 - 0.5 0.035 -0.04 0.88 

Styrene μg/cig Tar 

 

<0.56 - 9.9 0.492 0.20 0.69 0.6 - 12.8 0.785 -0.83 0.79 

1-Aminonaphthalene ng/cig Tar 

 

1.5 - 26.0 1.486 1.81 0.89 2.0 - 22.2 1.249 2.26 0.84 

 ng/cig NO 

 

1.5 - 26.0 0.086 1.43 0.81 2.0 - 22.2 0.062 4.18 0.67 

2-Aminonaphthalene ng/cig Tar 

 

1.0 - 16.6 0.890 1.36 0.88 1.5 - 14.7 0.770 2.02 0.83 

 ng/cig NO 

 

1.0 - 16.6 0.054 0.91 0.86 1.5 - 14.7 0.038 3.18 0.67 

3-Aminobiphenyl ng/cig Tar 

 

0.2 - 3.5 0.217 0.36 0.93 0.4 - 3.8 0.189 0.59 0.80 

 ng/cig NO 

 

0.2 - 3.5 0.012 0.36 0.76 0.4 - 3.8 0.010 0.83 0.69 

4-Aminobiphenyl ng/cig Tar 

 

0.2 - 2.8 0.165 0.31 0.92 0.4 - 3.0 0.146 0.51 0.78 

 ng/cig NO 

 

0.2 - 2.8 0.009 0.30 0.78 0.4 - 3.0 0.008 0.68 0.70 

Mercury ng/cig Tar 

 

<1.1 - 3.5 0.116 1.33 0.43 <1.1 - 3.6 0.131 1.28 0.50 

Cadmium ng/cig Tar 

 

<0.475 - 53.2 2.533 -3.40 0.52 <0.475 - 55.1 3.183 -3.34 0.69 
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6 Establishment of functional relationships for predicting mainstream smoke constituent yields for 

conventional cigarettes in the Japanese market 

 

6.1 Introduction 

 

Some papers about functional relationships for predicting mainstream smoke constituent yields using tar 

or other parameter as an independent variable have previously been published
 
(Borgerding et al., 2000; 

Counts et al., 2004; Gregg et al., 2004; Hyodo et al., 2007). Since constituent yields can be reliably 

estimated from tar or nitric oxide yields, these are useful methods for monitoring. However, functional 

relationships in the previous studies were generally developed by a dataset obtained at one point in time. 

For the long-term use of the functional relationship, the stability needs to be checked. Swauger et al. 

(2002) compared smoke constituent yields for a broad sampling of commercial US cigarette brands in 

1995, 1998, and 2000. Among their findings, constituent yields in the US market remained remarkably 

constant from 1995 to 2000 despite underlying differences in the design characteristics. In this study, the 

Japanese market is selected. 

The objective of this study is to examine the functional relationships for predicting smoke constituent 

yields obtained from conventional cigarette brands in the Japanese market for different years and the 

stability of the smoke profile over time. 

 

6.2 Materials and methods 

 

The Japanese market cigarette brands in 2002, 2005 and 2007 were used. The number of cigarette 

brands was thirty-six, thirty-six, and eleven respectively. The same cigarette brands were selected for 2002 

and 2005. The cigarette brands in 2007 were selected within the range of product specifications in 2005. 

American blended brands were selected since they were popular in the Japanese market. 

 

Table 6-1 

Summary of cigarette brands specifications. 

 2002 2005 2007 

Brand 36 36 11 

ISO tar yield (mg/cig) 1 - 16 1-15 1-12 

Blend-type American blend American blend American blend 

Filter ventilation (%) 0-79 0-79 16-78 

Cigarette paper 

Porosity (CU) 

10-80 10-80 22-76 

 

Mainstream smoke constituent yields of cigarette brands sampled in the market were all analyzed in the 

same laboratory under ISO smoking condition. A set of forty-five constituents was the same as the ones 
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specified in section 5.2.2. 

Simple linear regression was used to express the functional relationships based on the previous study 

(Hyodo et al., 2007). Tar was used as an independent variable, and nitric oxide was used as an independent 

variable in the case of formulating the models of TSNAs and aromatic amines. Linear regressions were 

statistically examined by comparing slopes and intercepts between the models derived from the data of 

2002 and those of 2005. JMP software version 5.1 was used for this statistical analysis. The ratio of the 

number of validation brands whose yields existed within the 95 % prediction intervals was examined. 

 

6.3 Results 

 

The yields of resorcinol, mercury, nickel, lead, chromium, arsenic and selenium were below LOD or 

LOQ for the majority of the cigarette brands and were excluded from further analysis. The results of 

coefficient of determination for each linear regression in 2002 and 2005 are shown in Fig. 6-1. The 

coefficients of determination were greater than 0.8 for the majority of the constituents. Linear regressions 

were statistically examined by comparing slopes and intercepts between the models derived from the data 

of 2002 and those of 2005. The linear regressions and the results of statistical comparison are summarized 

in Table 6-2. Scatter plots, linear regressions, and 95 % confidence intervals of representative constituents 

such as NNN, NNK, formaldehyde, acetaldehyde, benzene, benzo[a]pyrene, acrolein and 1, 3-butadine are 

shown in Fig. 6-2, using the data from the cigarette brands in 2002 and 2005. Although statistical 

differences in slopes and intercepts were observed in some constituents, scatter plots indicated that these 

differences were likely not of practical significance. As a whole, statistical comparison between the linear 

regressions in 2002 and 2005 indicated no significant differences for the majority of the constituents. 

 

 

Fig. 6-1. Coefficient of determination for each linear regression in 2002 and 2005. 
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NNN                      NNK 

 

Formaldehyde                 Acetaldehyde 

 

Benzene                    Benzo[a]pyrene 

 

Fig. 6-2. Representative scatter plots for two different periods (2002 & 2005). 

The red plots represent the cigarette brands in 2002. The blue plots represent the cigarette brands in 2005. 

The red line represents the linear regression and the red dotted line represents the 95 % confidence 

intervals in 2002. The blue line represents the linear regression and the blue dotted line represents the 95 % 

confidence intervals in 2005. 
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Acrolein                   1,3-Butadiene 

 

Fig. 6.2. (Continued) 

 

Table 6-2 

Results of linear regressions in each year and statistical comparison between two linear regressions. 

Tar as the independent variable 

Constituents 2002 2005 Slopes Intercepts 

Formaldehyde y = -3.24 + 3.63 x y = -2.56 + 3.59 x   

Acetaldehyde y = 35.6 + 43.2 x y = 36.0 + 43.3 x   

Acetone y = 18.7 + 19.8 x y = 20.7 + 19.4 x   

Acrolein y = 0.449 + 4.80 x y = 0.665 + 4.22 x * * 

Propionaldehyde y = 3.31 + 3.53 x y = 2.68 + 3.55 x   

Crotonaldehyde y = -3.09 + 1.63 x y = -4.39 + 1.71 x   

Methyl ethyl ketone y = 2.21 + 4.51 x y = 2.35 + 4.92 x   

Butyraldehyde y = 2.16 + 2.14 x y = 2.06 + 2.14 x   

1,3-Butadiene y = 6.63 + 3.01 x y = 3.74 + 3.03 x  * 

Isoprene y = 44.1 + 24.6 x y = 20.8 + 25.0 x  * 

Acrylonitrile y = 0.283 + 0.593 x y = -0.250 + 0.668 x   

Benzene y = 5.04 + 2.22 x y = 3.75 + 2.33 x   

Toluene y = 6.76 + 3.47 x y = 4.32 + 3.80 x   

Hydrogen cyanide y = -13.8 + 10.5 x y = -11.5 + 10.6 x   

Benzo[a]pyrene y = 0.972 + 0.653 x y = 0.842 + 0.653 x   

Hydroquinone y = 4.85 + 3.98 x y = 4.78 + 4.33 x  * 

Catechol y = 5.39 + 3.75 x y = 6.84 + 3.95 x  * 

Phenol y = -1.71 + 1.44 x y = -1.53 + 1.37 x   

m+p-Cresol y = -0.321 + 0.946 x y = 0.038 + 0.848 x   
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o-Cresol y = -0.178 + 0.352 x y = -0.049 + 0.320 x   

Ammonia y = 1.08 + 1.03 x y = -0.126 + 1.24 x *  

Pyridine y = -1.75 + 0.861 x y = -1.31 + 0.923 x   

Quinoline y = -0.0084 + 0.0307 x y = -0.0084 + 0.0304 x   

Styrene y = -0.098 + 0.480 x y = -0.212 + 0.533 x   

Cadmium y = -4.08 + 3.28 x y = -8.08 + 3.03 x  * 

 

Nitric oxide as the independent variable 

Constituents 2002 2005 Slopes Intercepts 

NNN y = -7.60 + 0.629 x y = -4.47 + 0.596 x   

NAT y = -5.99 + 0.606 x y = -3.72 + 0.581 x   

NAB y = -0.257 + 0.0761 x y = -0.301 + 0.0701 x  * 

NNK y = -4.19 + 0.442 x y = -3.62 + 0.391 x   

1-Aminonaphthalene y = -0.694 + 0.123 x y = -0.523 + 0.118 x   

2-Aminonaphthalene y = -0.181 + 0.0739 x y = -0.207 + 0.0719 x   

3-Aminobiphenyl y = 0.0108 + 0.0170 x y = 0.0176 x   

4-Aminobiphenyl y = 0.0524 + 0.0129 x y = 0.0185 + 0.0135 x   

* Statistically significant at P < 0.05. 

 

The ratio of the number of validation products in 2007 whose yields existed within the 95 % prediction 

intervals for the linear regressions in 2005 was examined. Although the ratio was different among the 

constituents, more than 80 % of the constituent yields of the products in 2007 were within the 95 % 

prediction intervals for the linear regression in 2005 for the majority of the constituents. Scatter plots, 

linear regressions, and 95 % prediction intervals of representative constituents such as NNN, NNK, 

formaldehyde, acetaldehyde, benzene, benzo[a]pyrene, acrolein and 1,3-butadine are shown in Fig. 6-3, 

using the data from the cigarette brands in 2005 and 2007. 

 

6.4 Discussion 

 

In comparison of regression results, statistical comparison between the linear regressions in 2002 and 

2005 indicated no significant differences for the majority of the constituents. In stability of smoke profile, 

more than 80 % of the constituent yields of the products in 2007 were within the 95 % prediction intervals 

for the linear regressions in 2005 for the majority of the constituents. 

From these findings, linear regressions using tar or nitric oxide as an independent variable have 

remained constant over time and these data demonstrate the stability of the smoke profile over time. 
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NNN                     NNK 

 

Formaldehyde                    Acetaldehyde 

 

Benzene                     Benzo[a]pyrene 

 

Fig. 6-3. Representative scatter plots for two different periods (2005 & 2007). 

The blue plots represent the cigarette brands in 2005 and the grey plots represent the cigarette brands in 

2007. The blue line represents the linear regression and the blue dotted line represents the 95 % prediction 

intervals in 2005. 
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Acrolein                    1,3-Butadiene 

 

Fig. 6-3. (Continued) 
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7 Estimation of mouth level exposure to smoke constituents of cigarettes with different tar levels 

using filter analysis 

 

7.1 Introduction 

 

Individual smokers exhibit a wide range of puffing behaviors (US Department of Health and Human 

Services, 1988). Therefore, the level of exposure in individual smokers to mainstream smoke constituents 

varies considerably, even for users of the same brand of cigarettes. Many attempts have been made to 

estimate human smoke exposure from cigarettes (Benowitz, 2001; Pritchard and Robinson, 1996; Scherer, 

1999; Stephen et al., 1989). 

  Filter analysis using spent cigarette filters is a noninvasive method to estimate human smoke exposure 

(e.g., Baker et al., 1998; Polzin et al., 2009; Shepperd et al., 2006; St.Charles et al., 2009, 2006; Watson et 

al., 2004). Filter analysis is based on the premise that the amount of a given constituent passing through a 

filter is proportional to the amount retained in a spent cigarette filter. In the late 1960s and early 1970s, 

filter analysis involved the use of whole filters (Ashton and Watson, 1970; Forbes et al., 1976; Schulz and 

Seehofer, 1978). One problem with the whole filter method applied to cigarettes with ventilated filters is 

that the filtration efficiency for constituents such as nicotine is influenced by the flow rate through the filter. 

St.Charles (2001) and Shepperd et al. (2006) improved the methodology by using the 10-mm mouth end 

section of the filter (part-filter), where filtration is not susceptible to flow rate. St.Charles et al. (2009) 

reported this part-filter methodology in detail. Natural smoking behavior can be evaluated using this 

method, wherein spent cigarette filters from smokers are used to estimate the amount of smoke entering the 

smoker’s mouth, referred to as the MLE. A smoker’s MLE to a given constituent can be estimated from the 

amount of the constituent retained in spent cigarette filters from smokers by utilizing calibration curves 

from several smoking regimes reflecting various human yield levels. Other studies reported a high 

correlation between MLE estimated by filter analysis and biomarkers of exposure (Morin et al., 2011; 

Shepperd et al., 2009; St.Charles et al., 2006). In a literature review, Pauly et al. (2009) concluded that 

cigarette filters may have utility as proxy measures of MLE in clinical trials. 

  Various researchers have estimated MLE to nicotine and nicotine-free dry particulate matter or tar using 

filter analysis. Nelson et al. (2011) studied MLE to nicotine and tar in 1330 smokers of twenty-six brand 

styles of US cigarettes, covering a wide range of machine-generated yields in the United States. Similarly, 

Mariner et al. (2011) studied MLE to nicotine and tar in 5703 smokers of one hundred six brand styles of 

cigarettes, including a wide range of machine-generated yields in eight countries. In addition, the influence 

of cigarette design parameters on MLE has been studied. Ashley et al. (2011a) compared cigarettes with 

typical circumferences of 25 mm and 17 mm to evaluate their influence on MLE to nicotine and tar, and 

Ashley et al. (2012) studied cigarettes differing in the type and level of applied menthol. MLE to nicotine 

and tar using filter analysis has also been used to assess changes in smoking behavior before and after 

regulations were enforced. For example, Cote et al. (2011) used MLE estimates to assess the impact of 

changes in cigarettes to comply with ignition propensity regulations in Canada, and Ashley et al. (2011b) 

assessed the impact of a regulation preventing indoor smoking in public places in Scotland. 
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Recently, the applicability of MLE to smoke constituents other than nicotine and tar using filter analysis 

has been studied. If MLE can be applied to other smoke constituents, MLE provides more valuable 

information on assessment of exposure to cigarette smoke, and thus MLE estimation using filter analysis 

may be a more valuable approach as proxy measures of MLE in clinical trials. Polzin et al. (2009) reported 

that MLE to NNN and NNKcan be estimated from solanesol retained in spent cigarette filters. Morin et al. 

(2011), Shepperd et al. (2009), and Shepperd et al. (2011) reported that MLE to NNK, acrolein, and pyrene 

can be estimated from nicotine retained in spent cigarette filters. These studies were conducted in Germany 

and Canada. Ding et al. (2012) reported that MLE to benzo[a]pyrene can be estimated from 

benzo[a]pyrene retained in spent cigarette filters. In another study estimating the retention of selected 

smoke constituents in the respiratory tract, MLE to NNK, NNN, CO, isoprene, acetaldehyde, and ethylene 

was estimated from solanesol retained in spent cigarette filters (Feng et al., 2007). In a series of similar 

retention studies by Moldoveanu et al. (2007, 2008a, 2008b, 2008c), MLE to carbonyl compounds, 

polycyclic aromatic hydrocarbons, hydroxybenzenes, benzene, and toluene was estimated from nicotine 

retained in spent cigarette filters. 

  Shepperd et al. (2009) suggested that mean MLE estimates and exposure biomarkers for nicotine, NNK, 

pyrene, and acrolein measured in smokers of low ISO tar brands were generally lower than those measured 

in smokers of high ISO tar brands. This implies that tar yields obtained by ISO machine-smoking may be 

used to rank mean MLE estimates of cigarette brands. The WHO Study Group on Tobacco Product 

Regulation proposed in its 2008 report, to measure the levels of selected smoke constituents using the HCI 

smoking regime, to report them on a constituent yield per mg nicotine, and to reduce the levels 

progressively over time (WHO, 2008). Tobacco Product Regulation points out that its proposal is only an 

interim step in the regulation of tobacco products, before the development of approaches to assess 

differences in actual exposure, harm, or risk from different cigarette brands. The ultimate goal, according 

to Tobacco Product Regulation, is to quantify the actual exposure of smokers by measuring biomarkers in 

blood, urine, and saliva. Tobacco Product Regulation does not provide information on the relationships 

between smoke constituent yields per mg nicotine under the HCI smoking regime and biomarkers of 

exposure. Few studies have examined the ranking of mean MLE estimates of cigarette brands using 

various machine-smoking yields. Our group estimated MLE to 36 smoke constituents using 2 commercial 

cigarette brands sold in the Japanese market and examined the relationship between mean MLE estimates 

and various machine-smoking yields (Bito et al., 2012). 

  The objectives of our study are: (1) to generate calibration curves for the forty-seven mainstream smoke 

constituents using a nicotine part-filter method; (2) to estimate MLE to ten selected smoke constituents 

using Japanese smokers of commercially available cigarettes covering a wide range of ISO tar yields; and 

(3) to investigate relationships between estimates of MLE to smoke constituents and various 

machine-smoking yields. 

 

7.2 Materials and methods 

 

7.2.1 Test cigarettes and target constituents 
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Fifteen commercial cigarette brands sold in Japan with a range of ISO tar yields were selected. Market 

share, blend-type, and cigarette size were considered in the selection process. Five cigarette brands were 

selected from each of three ranges of ISO tar yields: 1–3, 5–9, and 10–21 mg/cigarette. The specifications 

of all tested cigarette brands are shown in Table 7-1. The cigarette brands used in our study accounted for a 

41.5 % share of the Japanese market according to data from the Tobacco Institute of Japan for the year 

2011. The cigarette brands were sampled at a warehouse in July 2012, and cigarettes from each brand were 

confirmed to have the same batch code and to be sourced from the same batch. Five cigarette brands (Nos. 

1, 7, 11, 13, and 15) of the fifteen were used to generate calibration curves for the forty-seven smoke 

constituents, which were selected on the basis of regulations in Canada (Canada, 2000) and Brazil (Brazil, 

2001). They are listed in Table 7-2. The fifteen cigarette brands were used to generate calibration curves 

for NNN, NNK, acetaldehyde, acrolein, 1,3-butadiene, benzene, benzo[a]pyrene, and CO, which were 

listed by the WHO Tobacco Product Regulation as priority constituents to be reduced (WHO, 2008) as well 

as nicotine and tar, supply to subjects and machine-smoking under ISO and HCI smoking regimes. 

 

7.2.2 Analysis of selected constituents in smoke and tobacco filler blend 

 

All constituents were analyzed at JT laboratories. The calibration smoking regimes utilized by 

St.Charles et al. (2009) were used in our study (Table 7-3). Unsmoked filters were used as blanks (regime 

0). Cigarettes were smoked at pack moisture because subjects smoked cigarettes without conditioning 

(St.Charles et al., 2009). Twenty-port Cerulean SM450RH linear smoking machines were used for 

smoking except for the analysis of the nitrogen oxides, for which one-port Borgwaldt LM1 PLUS smoking 

machine was used. The number of cigarettes per 44-mm Cambridge filter pad was set from 1 to 5 such that 

the TPM collected on the pad would not exceed 150 mg. For analysis of carbonyls, 1 or 2 cigarettes was 

used per replicate. For the analysis of nitrogen oxides, one cigarette was used per replicate. Three 

replicates were included in each analysis for each smoking regime and cigarette brand, and five replicates 

were included in the analysis of nitrogen oxides. The system used for trapping the smoke routinely 

generated under ISO and HCI smoking regimes at JT laboratories was modified to fit the smoking regimes 

used in our study. A summary of the trapping system is provided in Table 7-4. 

Methods for analysis of smoke constituents were as follows. Tar, nicotine, and CO in mainstream smoke 

were analyzed according to the standard methods (Health Canada, 1999b; ISO Standard 10362-1, 1999; 

ISO Standard 4387, 2008; ISO Standard 8454, 2009; ISO Standard 10315, 2011). TPM was calculated 

from the difference in weight of Cambridge filters used for smoke collection before and after 

machine-smoking. Nicotine and water were analyzed using GC after extraction from the Cambridge filters 

with 2-propanol. Tar yield was calculated by subtracting the yields of nicotine and water from the TPM 

yield. CO was analyzed using a non-dispersive infrared analyzer. TSNAs (NNN, NAB, NAT, and NNK) 

were extracted from Cambridge filters used for smoke collection with ammonium acetate solution, and 

their levels determined using LC with tandem mass spectrometry. Selected carbonyl compounds 

(formaldehyde, acetaldehyde, acetone, acrolein, propionaldehyde, crotonaldehyde, methyl ethyl ketone, 
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and n-butyraldehyde) were trapped as 2,4-dinitrophenylhydrazine derivatives and determined using high 

HPLC with diode array detection. Selected volatile organic compounds (1,3-butadiene, isoprene, 

acrylonitrile, benzene, and toluene) were collected by passing mainstream smoke through Cambridge 

filters into cooled methanol in impingers, and levels were determined using GC with mass spectrometry 

(GC-MS). Deuterated toluene was used as an internal standard. Benzo[a]pyrene was extracted from 

Cambridge filters with cyclohexane and concentrated, and their levels were determined using HPLC with 

fluorescence detection. Hydrogen cyanide in the particulate and vapor phases were converted to cyanogen 

chloride and measured by an automated continuous flow colorimetric analyzer. Phenolic compounds 

(hydroquinone, resorcinol, catechol, phenol, (m + p)-cresol, and  o-cresol) were extracted from 

Cambridge filters using acetic acid and analyzed using HPLC with fluorescence detection. Ammonia was 

collected from both the Cambridge filters and impingers containing sulfuric acid and analyzed by ion 

exchange chromatography. Nitrogen oxide levels were determined by a chemiluminescence analyzer. 

Pyridine, quinoline, and styrene were extracted from Cambridge filters and impingers containing cooled 

methanol and analyzed by GC-MS. Aromatic amines (1-aminonaphthalene, 2-aminonaphthalene, 

3-aminobiphenyl, and 4-aminobiphenyl) collected onto the Cambridge filters were extracted using a 5 % 

hydrochloric acid solution. After two solid phase extraction steps, the aromatic amines were eluted with 

toluene, derivatized with heptafluorobutyric anhydride, and analyzed by GC-MS. Mercury was collected 

from smoke in acidified potassium permanganate solution and analyzed by cold vapor atomic absorption 

spectrometry. Trace metals (lead, cadmium, chromium, nickel, beryllium, cobalt, selenium, and arsenic) 

were extracted from two tissuquartz filters (Model 2500 QAT-UP) obtained from Tokyo Dylec (Tokyo, 

Japan) with methanol. The methanolic extract was acidified with nitric acid and applied directly in 

inductively coupled plasma mass spectrometry. NNN and NNK in tobacco filler blend were extracted with 

an ammonium acetate solution, and their levels were determined by LC with tandem mass spectrometry 

(Wagner and Gillman, 2001). 
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Table 7-1 

Test cigarettes. 

  Tar band No. 

Tar* Nicotine

*  

Cigarette 

length  

Circumference  Filter 

ventilation 

Cut filler 

NNN 

Cut filler 

NNK 

Menthol Charcoal Blend-type 

  

      (mg/cig) (mg/cig) (mm) (mm) (%) (µg/g)  (µg/g)         

  1-3mg 1 1 0.1 84 24.9 73.2 1.63 0.46 No Yes American   

    2 1 0.1 98 24.8 78.1 1.60 0.46 No Yes American   

    3 1 0.1 98 22.6 82.2 1.11 0.41 Yes No American   

    4 1 0.1 98 24.7 79.2 2.03 0.62 No Yes American   

    5 3 0.3 84 24.9 56.6 1.67 0.36 No Yes American   

  5-9mg 6 5 0.4 84 24.9 44.9 0.44 0.20 No Yes Japanese domestic   

    7 6 0.5 84 24.8 43.3 1.54 0.40 No Yes American   

    8 8 0.7 84 24.9 22.9 1.42 0.35 No Yes American   

    9 8 0.6 84 24.7 31.3 0.80 0.26 Yes No American   

    10 9 0.8 84 24.7 37.9 1.69 0.33 No Yes American   

  10-21mg 11 10 0.8 84 25.0 20.6 1.27 0.32 No Yes American   

    12 12 1.0 84 24.7 15.1 1.05 0.36 No Yes American   

    13 14 1.2 84 24.9 0.1 0.46 0.17 No Yes Japanese domestic   

    14 14 1.1 70 26.2 11.3 0.30 0.17 No No Japanese domestic   

    15 21 1.9 84 24.9 0.6 0.24 0.21 No No Virginia   

*ISO tar and nicotine values labeled on the package. 
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Table 7-2 

Target constituents. 

  
Constituents 

Calibration curves 

 

Calibration curves for 

MLE estimation   

    using 5 cigarette brands using 15 cigarette brands   

  NNN X X   

  NAT X     

  NAB X     

  NNK X X   

  Formaldehyde X     

  Acetaldehyde X X   

  Acetone X     

  Acrolein X X   

  Propionaldehyde X     

  Crotonaldehyde X     

  Methyl ethyl ketone X     

  n-Butyraldehyde X     

  1,3-Butadiene X X   

  Isoprene X     

  Acrylonitrile X     

  Benzene X X   

  Toluene X     

  Hydrogen cyanide X     

  Benzo[a]pyrene X X   

  Hydroquinone X     

  Resorcinol X     

  Catechol X     

  Phenol X     

  m-Cresol + p-Cresol X     

  o-Cresol X     

  Ammonia X     

  Nitric Oxide X     

  Total oxides of nitrogen X     

  Pyridine X     

  Quinoline X     

  Styrene X     

  1-Aminonaphthalene X     

  2-Aminonaphthalene X     

  3-Aminobiphenyl X     



94 

 

  4-Aminobiphenyl X     

  Mercury X     

  Lead X     

  Cadmium X     

  Chromium X     

  Nickel X     

  Beryllium X     

  Cobalt X     

  Selenium X     

  Arsenic X     

  Tar X X   

  Nicotine X X   

  CO X X   

 

Table 7-3 

Calibration smoking regimes. 

    Smoking regimes Tar* (mg/cig)   

  Point Volume Duration Interval Flow Smoked       

  (Regime) (mL) (s) (s) (mL/s) length/puffs 1-3mg >4mg   

  0 - - - - - Yes Yes   

  1 40 2 60 20.0 4 puffs Yes Yes   

  2 40 2 30 20.0 T + 3 Yes Yes   

  3 50 1.5 60 33.3 4 puffs Yes No   

  4 50 1.5 60 33.3 T + 3 No Yes   

  5 50 1.5 30 33.3 T + 3 Yes Yes   

  6 70 1.5 60 46.7 4 puffs No Yes   

  7 70 1.5 30 46.7 T + 3 Yes No   

  8 70 1.5 20 46.7 T + 3 Yes Yes   

T = Length of tipping paper. 

*ISO tar values labeled on the package. 
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Table 7-4 

Summary of trapping system used for analysis of smoke constituents. 

 
This study 

Trapping used routinely  

 
ISO HCI   

  Trace metals two tissuquartz filters Electorostatic precipitation   

 Carbonyls* 150 mL / 80 mL / 2 100 mL / 40 mL / 2 150 mL / 100 mL / 2  

  Volatile organic compounds* 70 mL / 10 mL / 2 70 mL / 10 mL / 2 70 mL / 20 mL / 2   

  Hydrogen cyanide* 250 mL / 60 mL / 1 60 mL / 30 mL / 1 250 mL / 90 mL / 1   

  Ammonia* 70 mL / 15 mL / 2 70 mL / 15 mL / 2 70 mL / 25 mL / 2   

  Pyridine, quinoline, styrene* 70 mL / 10 mL / 2 70 mL / 20 mL / 2 70 mL / 20 mL / 2   

  Mercury* 70 mL / 20 mL / 1 70 mL / 30 mL / 1 70 mL / 30 mL / 2   

*Information was given the following order: volume of impinger / amount of trapping solution / number of impingers used 

for trapping. 

Cambridge filter pad was used for analysis of TSNAs, benzo[a]pyrene, phenolics, and aromatic amines. Vapor phase of 

smoke was sampled for analysis of nitric oxide. 

 

7.2.3 Filter collection and analysis 

 

All spent cigarette filters from the calibration procedures and subjects were collected after smoking. A 

7-mm mouth end section of each filter was used in our study because the mouth end of the dual filters of a 

cigarette brand was <10 mm in length (St.Charles et al., 2009). All spent cigarette filters were cut to 7 mm 

within 24 h of smoking. Glass vials of four sizes were prepared. The appropriate size was chosen to 

accommodate the number of spent cigarette filters smoked at each port of the smoking machine and from 

each subject. Glass vials containing part-filters were stored in a refrigerator at 4°C from 1 to 4 weeks until 

filter analysis. 

Part-filters from the calibration procedures and subjects were extracted using acidic methanol 

incorporating tripropionate as an internal standard. The volume of the extraction solution varied depending 

on the number of part-filters in each glass vial, which is ranged from 2.5 to 5 mL per part-filter. The 

extraction solution was analyzed for nicotine content by GC with flame ionization detection. 

 

7.2.4 Calibration curves 

 

Each calibration curve was prepared by plotting smoke constituent yield (ng, μg, or mg/cigarette) for 

each calibration regime against nicotine content per part-filter (mg/part-filter). All calibrations were linear; 

therefore, a linear regression equation was used to estimate MLE to smoke constituents for each subject 

from the nicotine content of part-filters. Coefficients of determination were calculated for all calibration 

curves (R
2
). 
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7.2.5 Subject selection 

 

Subjects who were representative of the demographics in terms of age and gender of smokers of each 

cigarette brand and who met the criteria listed below were recruited by a market research company 

(Research and Development, Inc., Tokyo, Japan). More than fifty subjects per cigarette brand were 

recruited according to the following criteria: 

(1) Age twenty-one years or older; 

(2) Smokers of their chosen brand for at least six months; 

(3) Self-reported cigarette consumption of ten or more per day; 

(4) No advice to stop smoking from a doctor; 

(5) No intention to quit smoking; 

(6) Not pregnant or lactating. 

This study was conducted from August to November 2012. Filter collection was performed in a 

designated room prepared by the market research company. This room was equipped with an air filtration 

system. Subjects were issued ten cigarettes of their usual brand at the beginning of the session. Subjects 

were issued another ten cigarettes if they finished smoking the first ten cigarettes. They were permitted to 

smoke their given cigarettes ad libitum in their own compartments in the designated room for three hours, 

while reading, listening to music, or engaging in some other leisure activity. Cigarette butts were collected 

by a member of the market research company staff every hour. 

 

7.2.6 ISO and HCI smoking regimes 

 

Smoking of the fifteen brands of cigarettes was performed under ISO and HCI smoking regimes. The 

puff volume, puff duration, and puff interval for the ISO smoking regime were 35 mL, 2 s, and 60 s, 

respectively (ISO Standard 3308, 2012). For the HCI smoking regime, these values were 55 mL, 2 s, and 

30 s, respectively, and filter ventilation holes were 100 % blocked (Health Canada, 1999b). The analysis of 

ten constituents was based on the method described in section 7.2.2. The smoke constituents were analyzed 

from three replicates. 

 

7.2.7 Data analysis 

 

JMP version 8 (SAS Institute Inc., Cary, NC, USA) was used for all statistical analyses. The level of 

significance was set to 0.05. 

If yields were below the LOQ, the following formula was used instead of omitting yields from the 

analysis: (LOQ − LOD)/2 + LOD. If yields were below the LOD, the following formula was used instead 

of omitting yields from the analysis: (LOD)/2. 

The data were grouped by ISO tar yield into three categories: 1–3 mg, 5–9 mg, and 10–21 mg. The 

Tukey–Kramer honestly significant difference test was conducted to determine the statistical significance 

of tar band effects on MLE estimates and differences between groups. 
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Pearson's correlation coefficients were calculated to determine correlations between tar yields per 

cigarette under the ISO smoking regime or between corresponding smoke constituent yields per mg 

nicotine under the HCI smoking regime and MLE estimates for individual smokers. 

All yields were arranged by rank order from 1 to 15 for data analysis. Spearman’s rank correlation 

coefficient was used to assess relationships between mean MLE estimates and various machine-smoking 

yields. 

 

7.3 Results 

 

7.3.1 Calculation of calibration curves for the 47 smoke constituents 

 

More than 50 % of the data for chromium, nickel, beryllium, cobalt, and selenium for all five cigarette 

brands, as well as data for arsenic for brand No. 1, fell below the LOD or LOQ; therefore, calibration 

curves for these trace metals were not created. Linear regression equations were generated from the 

calibration curves for yields of other smoke constituents and nicotine content in part-filters. Coefficients of 

determination (R
2
) for the smoke constituents of each cigarette brand are shown in Table 7-5. Except for 

formaldehyde, smoke constituent yields were strongly correlated with nicotine content in part-filters, and 

R
2
 values generally exceeded 0.80. R

2
 values for formaldehyde ranged from 0.53 to 0.76. These values 

were lower than those of any other constituents. 

 

Table 7-5 

Coefficient of determination (R
2
) values for the regressions between smoke constituent yields and nicotine 

content in part-filters by five cigarette brands (Nos. 1, 7, 11, 13 and 15) and 47 smoke constituents. 

  Smoke constituent No.1 No.7 No.11 No.13 No.15   

  NNN 0.97 0.75 0.89 0.86 0.95   

  NAT 0.98 0.95 0.98 0.93 0.97   

  NAB 0.98 0.94 0.98 0.94 0.96   

  NNK 0.97 0.87 0.88 0.90 0.91   

  Formaldehyde 0.76 0.67 0.53 0.59 0.62   

  Acetaldehyde 0.92 0.95 0.94 0.95 0.91   

  Acetone 0.92 0.96 0.96 0.97 0.95   

  Acrolein 0.87 0.92 0.91 0.93 0.88   

  Propionaldehyde 0.92 0.96 0.95 0.96 0.92   

  Crotonaldehyde 0.84 0.86 0.89 0.92 0.93   

  Methyl ethyl ketone 0.89 0.97 0.96 0.96 0.95   

  n-Butyraldehyde 0.91 0.94 0.94 0.97 0.93   

  1,3-Butadiene 0.86 0.93 0.95 0.93 0.91   

  Isoprene 0.94 0.95 0.93 0.93 0.91   

  Acrylonitrile 0.90 0.93 0.93 0.92 0.92   



98 

 

  Benzene 0.95 0.96 0.96 0.93 0.94   

  Toluene 0.93 0.97 0.95 0.93 0.96   

  Hydrogen cyanide 0.93 0.81 0.74 0.96 0.94   

  Benzo[a]pyrene 0.98 0.98 0.98 0.97 0.99   

  Hydroquinone 0.98 0.98 0.98 0.98 0.99   

  Resorcinol 0.98 0.95 0.97 0.97 0.98   

  Catechol 0.98 0.97 0.97 0.98 0.99   

  Phenol 0.95 0.86 0.80 0.98 0.94   

  m-Cresol + p-Cresol 0.96 0.89 0.86 0.94 0.89   

  o-Cresol 0.97 0.91 0.91 0.97 0.96   

  Ammonia 0.95 0.91 0.91 0.93 0.92   

  Nitric Oxide 0.94 0.95 0.94 0.89 0.95   

  Total oxides of nitrogen 0.94 0.95 0.94 0.90 0.94   

  Pyridine 0.88 0.81 0.85 0.88 0.89   

  Quinoline 0.95 0.94 0.98 0.98 0.98   

  Styrene 0.88 0.85 0.89 0.91 0.94   

  1-Aminonaphthalene 0.99 0.96 0.96 0.97 0.90   

  2-Aminonaphthalene 0.99 0.94 0.95 0.96 0.88   

  3-Aminobiphenyl 0.98 0.96 0.95 0.93 0.88   

  4-Aminobiphenyl 0.98 0.96 0.93 0.92 0.87   

  Mercury 0.93 0.96 0.96 0.97 0.96   

  Lead 0.90 0.87 0.93 0.92 0.93   

  Cadmium 0.93 0.88 0.90 0.94 0.96   

  Chromium N/C N/C N/C N/C N/C   

  Nickel N/C N/C N/C N/C N/C   

  Beryllium N/C N/C N/C N/C N/C   

  Cobalt N/C N/C N/C N/C N/C   

  Selenium N/C N/C N/C N/C N/C   

  Arsenic N/C 0.92 0.95 0.96 0.97   

  Tar 0.99 0.95 0.94 0.90 0.97   

  Nicotine 0.99 0.98 0.98 0.94 0.98   

  CO 0.97 0.91 0.93 0.86 0.92   

N/C, Not Calculated. 

 

7.3.2 Estimation of MLE to selected smoke constituents for Japanese consumers 

 

The number of subjects, average age, and average number of cigarettes smoked during the three-hour 

session are summarized for each cigarette brand in Table 7-6. The average number of cigarettes smoked 

was similar among cigarette brands and showed no obvious relationship with ISO tar yields. 
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Calibration curves were established for ten smoke constituents of fifteen cigarette brands. Smoke 

constituent yields were strongly correlated with nicotine content in part-filters. R
2
 values generally 

exceeded 0.80 for each constituent and cigarette brand. MLE to the ten smoke constituents in the fifteen 

cigarette brands was estimated from nicotine content in part-filters collected from subjects. These values 

are shown in Appendix 7-1. 

Smoke constituent yields in the fifteen cigarette brands under the ISO and HCI smoking regimes are 

shown in Appendices 7-2a and 7-2b, respectively. 

 

Table 7-6 

The number of subjects, average age of subjects, and average number of cigarettes smoked during 3-h session. 

  No. Tar* (mg/cig) Number of subjects Average age Average number of cigarettes   

  1 1 53 45.4 7.2   

  2 1 53 51.4 7.1   

  3 1 51 42.0 7.2   

  4 1 53 50.4 7.6   

  5 3 52 49.3 7.2   

  6 5 52 47.8 7.5   

  7 6 51 44.4 7.7   

  8 8 51 43.0 7.5   

  9 8 53 32.5 6.2   

  10 9 54 43.6 7.1   

  11 10 51 45.1 8.1   

  12 12 51 33.6 7.2   

  13 14 53 41.6 7.7   

  14 14 50 48.7 7.8   

  15 21 52 42.8 6.9   

    Total 780 44.1 7.3   

*ISO tar values labeled on the package. 
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Table 7-7 

Mean (standard deviation) MLE estimates for the ten smoke constituents by tar band.  

  Tar band N Acetaldehyde Acrolein  1,3-Butadiene Benzene  Benzo[a]pyrene  NNN  NNK  CO Nicotine  Tar  
 

     (µg/cig) (µg/cig)  (µg/cig) (µg/cig) (ng/cig) (ng/cig) (ng/cig)  (mg/cig) (mg/cig) (mg/cig) 
 

  1-3mg 262 450 (262)
 a
 36.7 (25.4)

 a
 24.4 (14.2) 

a
 24.1 (15.4) 

a
 6.6 (3.2) 

a
 48.3 (27.1) 

a
 33.7 (16.9) 

a
 11.4 (6.0) 

a
 0.7 (0.3) 

a
 7.3 (4.1) 

a
 

 
  5-9mg 261 676 (219)

 b
 64.2 (22.7)

 b
 39.2 (13.9) 

b
 39.1 (12.2) 

b
 10.5 (3.7) 

b
 72.7 (41.3)

 b
 51.6 (27.7) 

b
 15.6 (5.2) 

b
 1.0 (0.4) 

b
 13.7 (5.2) 

b
 

 
  10-21mg 257 818 (229)

 c
 86.3 (25.6) 

c
 51.8 (13.9) 

c
 48.0 (12.1)

 c
 13.9 (5.2) 

c
 49.3 (36.8) 

a
 39.7 (24.7) 

a
 17.2 (5.1) 

c
 1.5 (0.6) 

c
 18.8 (6.8) 

c
 

 
  All 780 647 (281)  62.2 (31.9)  38.4 (17.9)  37.0 (16.5)  10.3 (5.1)  56.8 (37.3)  41.7 (24.7)  14.7 (6.0)  1.0 (0.6)  13.2 (7.2)  

 
A suffix (a–c) shared in a line indicates no significant difference between those tar bands (Tukey–Kramer Honest Significant Differences test, p > 0.05). 

 



101 

 

7.3.2.1 MLE results grouped by tar band 

 

Mean estimates for MLE for each of the three categories of ISO tar yields (1–3 mg, 5–9 mg, and 10–21 

mg) and results of the statistical analysis to assess relationships between groups by using the Tukey–

Kramer honestly significant difference test are shown in Table 7-7. Except for NNN and NNK, mean 

estimates of MLE to all constituents increased significantly in these three groups of cigarette brands in the 

following order: 1–3 mg, 5–9 mg, and 10–21 mg. 

 

7.3.2.2 Relationships between MLE estimates and machine-smoking yields 

 

Relationships between ISO tar yields and MLE estimates are shown in Fig. 7-1. Except for NNN and 

NNK, significant positive correlations were observed between all of the MLE estimates of smoke 

constituents and ISO tar yields. A significant negative correlation was found between estimates of MLE to 

NNN and ISO tar yield, but there was no significant correlation between estimates of MLE to NNK and 

ISO tar yield. 

The relationships between smoke constituent yields per mg nicotine under the HCI smoking regime and 

MLE estimates are shown in Fig. 7-2. Significant negative correlations were found between estimates of 

MLE to acetaldehyde, acrolein, 1,3-butadiene, benzene, benzo[a]pyrene, CO, and tar and corresponding 

constituent yields per mg nicotine under the HCI smoking regime. Significant positive correlations were 

found between estimates of MLE to NNN and NNK and corresponding constituent yields per mg nicotine 

under the HCI smoking regime. 

 

Fig. 7-1. Relationships between estimates of MLE to smoke constituents and tar yields per cigarette under 

the ISO smoking regime. Each point (×) represents an MLE estimate for one smoker (N = 780). Each 

point (○) represents the mean MLE estimate for each brand. Linear regressions were generated between 

ISO tar yields and MLE estimates for each smoker. 
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Fig. 7.1. (Continued) 
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Fig. 7-2. Relationships between estimates of MLE to smoke constituents and corresponding constituent 

yields per mg nicotine under the HCI smoking regime. Each point (×) represents MLE estimates for one 

smoker (N = 780). Each point (○) represents mean MLE estimates for each brand. Linear regressions were 

generated between constituent yields per mg nicotine under the HCI smoking regime and MLE estimates 

for each smoker. 

 

7.3.2.3 Relationships between mean MLE estimates and various machine-smoking yields 

 

Results of tests using Spearman’s rank correlation coefficient for assessment of relationships between 

mean MLE estimates and various machine-smoking yields are shown in Table 7-8. A combination of tar or 

corresponding smoke constituents per cigarette or per mg nicotine under both the ISO and HCI smoking 

regimes was used to determine various machine-smoking yields. 

Correlation coefficients between mean MLE estimates and tar yields per cigarette under the ISO and 

HCI smoking regimes were significant for all constituents except for NNN and NNK. The correlations 

between mean estimates of MLE to NNN and NNK and tar yields per cigarette under the ISO and HCI 

smoking regimes were insignificant. Except for NNN and NNK, correlation coefficients under the ISO 

smoking regime (0.75–0.96) were greater than those under the HCI smoking regime (0.71–0.94). 

Correlation coefficients between mean MLE estimates and corresponding smoke constituent yields per 

cigarette under the ISO smoking regime were ranged from 0.61 to 0.96. Coefficients for NNK were lower 

than those for any other constituents. Coefficients for mean MLE estimates and corresponding smoke 

constituent yields per cigarette under the HCI smoking regime were >0.9 for NNN, NNK, benzo[a]pyrene, 

and nicotine in the particulate phase. However, coefficients for 1,3-butadiene and CO, which were grouped 

in the vapor or gas phases, were not significant. 

Correlations coefficients between mean MLE estimates and corresponding smoke constituent yields per 

mg nicotine under the ISO smoking regime, except for NNN, acrolein, and tar, were insignificant. 

Significant negative correlations were found between mean MLE estimates and corresponding smoke 

constituent yields per mg nicotine under the HCI smoking regime for acetaldehyde, acrolein, 1,3-butadiene, 

benzene, and CO. 
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Table 7-8 

Spearman’s rank correlation coefficient between mean MLE estimates and various machine-smoking yields. 

    Acetaldehyde Acrolein 1,3−Butadiene Benzene Benzo[a]pyrene NNN NNK CO Nicotine Tar   

  ISO Tar 0.90 * 0.92 * 0.94 * 0.93 * 0.94 * −0.10 −0.04 0.75 * 0.95 * 0.96 *   

  HCI Tar 0.84 * 0.83 * 0.89 * 0.91 * 0.94 * 0.00 0.05 0.71 * 0.92 * 0.89 *   

  ISO Smoke constituent 
1
 0.91 * 0.96 * 0.93 * 0.93 * 0.95 * 0.76 * 0.61 * 0.79 * 0.96 * 0.96 *   

  HCI Smoke constituent 
1
 0.52 * 0.60 * 0.26 0.63 * 0.93 * 0.93 * 0.95 * 0.38 0.93 * 0.89 *   

  ISO Smoke constituent/Nicotine 
2
 −0.16 0.59 * −0.23 0.02 0.17 0.56 * 0.40 −0.07 N/A 0.70 *   

  HCI Smoke constituent/Nicotine 
2
 −0.77 * −0.57 * −0.83 * −0.60 * −0.16 0.73 * 0.64 * −0.60 * N/A −0.48   

1 Corresponding smoke constituent per cigarette under either ISO or HCI smoking regime (e.g., Spearman’s rank correlation coefficient between mean MLE estimates to NNN and ISO smoke constituents 

(corresponding smoke constituent, NNN, per cigarette under ISO smoking regime is 0.76.). 

2 Corresponding smoke constituent per nicotine under either ISO or HCI smoking regime. 

* Statistical significance (p < 0.05). 

N/A, Not Applicable. 
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7.4 Discussion 

 

7.4.1 Calibration curves 

 

Most data for chromium, nickel, beryllium, cobalt, and selenium for all five cigarette brands was either 

below the LOD or LOQ; therefore, calibration curves for these trace metals were not determined. Similar 

low yields for chromium, nickel, and selenium were reported in past benchmark studies on relationships 

between smoke constituent yields and tar yields from a wide range of commercial cigarette brands (Counts 

et al., 2004; Gregg et al., 2004; Hyodo et al., 2007). Calibration curves for the other 42 smoke constituents, 

some of which have not been previously studied, were examined. Except for formaldehyde, strong 

correlations were identified between 41constituent yields and nicotine content in part-filters. R
2
 values 

generally exceeded 0.80. 

Recent studies have reported the applicability of filter analysis for estimation of MLE to smoke 

constituents other than nicotine and tar. In analyses of TSNAs, Shepperd et al. (2009, 2011), and Morin et 

al. (2011) estimated MLE to NNK from nicotine in part-filters. Feng et al. (2007) and Polzin et al. (2011) 

studied NNN and NNK in smoke and solanesol in filters and reported strong relationships between these 

constituents. Clayton et al. (2010) reported a linear relationship between TSNA content in part-filters and 

TSNA yields in smoke, and between TSNA content in part-filters and nicotine content in part-filters. 

Clayton et al. (2010) concluded that nicotine in part-filters can be used to estimate MLE to four TSNAs. In 

our study, four TSNAs were also strongly correlated with nicotine content in part-filters (R
2
 = 0.75–0.98). 

Moldoveanu et al. (2008a) studied relationships between polycyclic aromatic hydrocarbons and nicotine 

content in part-filters and reported an R
2
 value of 0.9920 for benzo[a]pyrene. Ding et al. (2012) estimated 

MLE to benzo[a]pyrene from benzo[a]pyrene yields in part-filters. In that study, direct measurement of 

benzo[a]pyrene in cigarette filters indicated a linear relationship with mainstream smoke levels better than 

the measurement of solanesol, which is transferred from tobacco to smoke; benzo[a]pyrene in smoke is a 

product of various combustion processes. In our study, MLE to benzo[a]pyrene was estimated from 

nicotine content in part-filters. R
2
 values ranged from 0.97 to 0.99. These values were similar to those 

reported by Ding et al. (2012) (R
2
 = 0.93–0.98). 

  MLE to a wide range of smoke constituents has been examined. In a series of retention studies by 

Moldoveanu et al. (2007, 2008a, 2008b, 2008c), MLE to carbonyl compounds, polycyclic aromatic 

hydrocarbons, hydroxybenzenes, benzene, and toluene was estimated from nicotine content in part-filters. 

Bito et al. (2012) also estimated MLE to 35 smoke constituents from nicotine content in part-filters. In our 

study, the range of ISO tar yields was wider than that in previous studies. For pyridine, quinoline, mercury, 

lead, cadmium, and arsenic, which have not been studied previously, R
2
 values exceeded 0.80. Therefore, 

we demonstrated that MLE to those smoke constituents can be estimated from nicotine content in 

part-filters. 

  R
2
 values for formaldehyde ranged from 0.53 to 0.76 in our study. Bito et al. (2012) examined 

formaldehyde content for cigarette brands with ISO tar yields of 1 and 6 mg and reported R
2
 values of 0.50 

and 0.43, respectively. On the other hand, Moldoveanu et al. (2007) examined formaldehyde content in 
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cigarette brands with Federal Trade Commission tar yields (Federal Trade Commission, 1967) of 5.0, 10.6, 

and 16.2 mg and reported R
2
 values of 0.9580, 0.9934, and 0.8610, respectively. Correlations between 

nicotine in part-filters and smoke constituents provide the basis for the filter analysis method. They are 

determined by the mechanisms of smoke generation from combustion and pyrolysis of tobacco, and the 

mass transfer through filtration, adsorption, and diffusion as the smoke is drawn through the cigarette. 

Parrish and Harward (2000) determined that the mainstream formaldehyde content of the first puff, and of 

the entire cigarette, varied according to flow rate. Li et al. (2002) reported that flow rate affected the 

residence time of the smoke in the tobacco rod and the rate of oxygen supply to coal, which in turn 

affected the heating rate. High flow rates resulting in higher heating rates produced more formaldehyde. 

Moldoveanu et al. (2007) used smoking regimes involving puff volumes of 35, 45, and 60 mL and a 2-s 

puff duration, whereas puff volumes of 40 mL with 2-s puff duration and 50 and 70 mL with 1.5-s puff 

duration were used in our study. Bito et al. (2012) used smoking regimes with puff volume of 30, 70, and 

120 mL and 2-s puff duration. The higher flow rates used in Bito et al. (2012) and our study may have been 

partially responsible for the lower correlations between nicotine content in part-filters and formaldehyde 

yields than that reported by Moldoveanu et al. (2007). 

Although MLE to smoke constituents derived from the part-filter method may not be suitable as proxy 

measures of respiratory exposure or systemic uptake of some smoke constituents, they can provide a more 

reliable indication of smoke yields produced under actual human smoking conditions than the derivation of 

yields from traditional biomarkers of smoke exposure, or from the monitoring and duplication of human 

puffing topography, (Nelson et al., 2011). We are in the same position as Nelson et al. (2011), and 

estimates of exposure obtained by part-filter method can provide useful information currently. 

For yields of forty-one out of the forty-seven smoke constituents evaluated in our study, strong 

correlations were found with nicotine content in part-filters under several different smoking regimes. 

Therefore, the robustness of the filter analysis method for estimation of MLE from nicotine content in 

part-filters is demonstrated. 

 

7.4.2 Estimating MLE to selected smoke constituents for Japanese consumers 

 

MLE to selected smoke constituents of fifteen cigarette brands sold in Japan was estimated in our study. 

A wide range of ISO tar yields (1–21 mg) was included. The selected constituents in mainstream smoke 

were NNN, NNK, acetaldehyde, acrolein, 1,3-butadiene, benzene, benzo[a]pyrene, and CO, all of which 

were listed by the WHO Tobacco Product Regulation in 2008 as priority constituents to be reduced in 

addition to nicotine and tar (WHO, 2008). Because of its low R
2
 values, formaldehyde was excluded from 

MLE estimation in our study. 

  Relationships between mean estimates of MLE to tar and ISO tar yields in our study are shown in Fig. 

7-3 along with the results of past studies for comparison purpose. In our study, 15 cigarette brands were 

grouped into three categories on the basis of ISO tar yields. Nelson et al. (2011) grouped twenty-six 

cigarette brands in the US with Federal Trade Commission tar yields ranging from 0.5 to 17.5 mg into four 

categories on the basis of Federal Trade Commission tar yields. St. Charles et al. (2010) grouped seventeen 
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cigarette brands in the US with Federal Trade Commission tar yields ranging from 1 to 18 mg into four 

categories on the basis of Federal Trade Commission tar yields. Mariner et al. (2011) reported total mean 

MLE estimates for fifteen cigarette brands in Japan with ISO tar yields ranging from 1 to 12 mg. In our 

study, the regression line was similar to that reported by Nelson et al. (2011). The results reported by 

Mariner et al. (2011) were also similar to the regression line in our study, although cigarette brands and tar 

categories in that study differed from those in our study. The mean estimates of MLE to tar were lower in 

the study conducted by St. Charles et al. (2010) than in our study and the studies conducted by Nelson et al. 

(2011) and Mariner et al. (2011). Nelson et al. (2011) inferred that differences in calibration procedures 

and composition of the groups of smokers may have contributed to the differences in mean MLE estimates 

observed between studies. This indicates that results from different studies must be compared with caution. 

Mean estimates of MLE to tar increased significantly in the three groups of brands in the following order: 

1–3 mg, 5–9 mg, and 10–21 mg ISO tar yields as noted in other studies. 

  Similar results were observed when relationships were examined between MLE estimates and ISO tar 

yields for each cigarette brand. Significant positive correlations were found between estimates of MLE to 

acetaldehyde, acrolein, 1,3-butadiene, benzene, benzo[a]pyrene, CO, nicotine, and tar and ISO tar yields. 

Estimates of MLE to NNN were significantly and negatively correlated with ISO tar yields, whereas no 

significant correlation was observed between estimates of MLE to NNK and ISO tar yields. NNN and 

NNK levels in tobacco vary depending on the type of tobacco. They are higher in Burley tobacco than in 

flue-cured tobacco. Burley tobacco is commonly used in American blend cigarettes. It is less common in 

Japanese domestic cigarettes and not used in Virginia blend cigarettes. The cigarette brands utilized in our 

study were selected on the basis of market share. They included Japanese domestic blend cigarettes (Nos. 6, 

13, and 14) and a Virginia blend cigarette (No. 15), which had lower tobacco filler TSNA levels but, in 

most instances, higher ISO tar yields than those associated with the American blend cigarettes used in our 

study. Some portion of TSNAs in mainstream smoke is generated by direct transfer of TSNAs in tobacco 

filler blends (d'Andres et al., 2003; Fischer et al., 1990). Counts et al. (2004) reported that the relationships 

between ISO tar yields and the yields of NNN, NNK, and NAT were significantly improved by including 

tobacco filler TSNA levels in their regression models. The relationship between ISO tar yields multiplied 

by NNN levels in tobacco filler blend and estimates of MLE to NNN is shown in Fig. 7-4. ISO tar yields 

multiplied by NNN levels in tobacco filler blend were significantly and positively correlated with 

estimates of MLE to NNN. Similar results have been obtained for NNK. These findings indicate that NNN 

and NNK levels in tobacco filler blend affect estimates of MLE to NNN and NNK. 

  Currently, the standard machine-smoking method in most regions of the world is the ISO method (ISO 

Standard 3308, 2012). Several alternative methods have been proposed or adopted by regulatory bodies, 

including the HCI method (Health Canada, 1999b). In its 2008 report, the WHO Tobacco Product 

Regulation proposed to mandate levels of selected smoke constituents per mg nicotine under the HCI 

smoking regime, and to reduce those levels progressively over time (WHO, 2008). Levels would be 

calculated with reference to the median levels of smoke constituents in products on a particular market. 

Therefore, the relationships between MLE estimates and corresponding constituent yields per mg nicotine 

under the HCI smoking regime were examined in our study. Significant negative correlations were 
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observed between estimates of MLE to acetaldehyde, acrolein, 1,3-butadiene, benzene, benzo[a]pyrene, 

CO, and tar and corresponding constituent yields per mg nicotine under the HCI smoking regime except 

for NNN and NNK. These negative correlations imply that MLE increases when values for these 

constituents decrease. If the Tobacco Product Regulation proposal is established in Japan, this could lead to 

brands which produce higher estimates of MLE to smoke constituents may remain in the market, and the 

number of higher MLE brands would increase progressively over time. 

  Standardized smoking regimes such as that established by the ISO provide a means of ranking 

cigarettes in terms of smoke yields rather than absolute yields (Independent Scientific Committee on 

Smoking and Health, 1988). In our study, Spearman’s rank correlation coefficient was used to assess the 

relationships of rankings between mean MLE estimates and various machine-smoking yields. Correlation 

coefficients between mean MLE estimates and tar yields per cigarette under the ISO and HCI smoking 

regimes were significant except for NNN and NNK. Correlations between mean estimates of MLE to NNN 

and NNK and tar yields per cigarette under the ISO and HCI smoking regimes were not significant. These 

results were likely influenced by NNN and NNK levels in tobacco filler blend. The correlation coefficient 

for NNN increased from -0.10 to 0.70 when ISO tar yields were multiplied by NNN levels in tobacco filler 

blend. Similarly, the correlation coefficient for NNK increased from -0.04 to 0.42. However, this higher 

correlation coefficient was not significant. Consequently, our data indicate that ISO tar yields per cigarette 

are effective for ranking mean MLE estimates, although they may not be applicable to some constituents. 

In addition, stronger correlations for NNN and NNK were observed when ISO tar yields were multiplied 

by NNN and NNK content in tobacco filler blend. 

Correlation coefficients for mean MLE estimates and corresponding smoke constituent yields per 

cigarette under the ISO smoking regime ranged from 0.61 to 0.96, and the correlation coefficient for NNK 

was lower than that for any other constituents. The coefficients for mean MLE estimates and 

corresponding smoke constituent yields per cigarette under the HCI smoking regime exceeded 0.90 for 

NNN, NNK, benzo[a]pyrene, and nicotine in the particulate phase, whereas coefficients for 1,3-butadiene 

and CO, which grouped in the vapor or gas phases, were not significant. The HCI smoking regime involves 

blocking 100 % of the filter vent holes, which results in huge increases in the yields of vapor phase 

constituents of highly ventilated cigarettes compared with yields under the ISO smoking regime. This can 

result in little differences in the vapor phase yields of low and high ISO yield cigarettes when cigarettes are 

smoked under the HCI smoking regime. Although some smokers may partially block vent holes, 100 % 

vent blocking is highly unlikely (Baker and Lewis, 2001). Consequently, smokers obtain different MLE to 

vapor phase constituents from low and high ISO tar yield cigarettes. This difference between human 

behavior and machine-smoking may affect the results of the relationship between MLE to vapor phase 

constituents and their corresponding constituent yields under the HCI smoking regime. The effect is not so 

dramatic with particulate phase constituents because the filter efficiencies of lower ISO yield cigarettes 

tend to be higher than those of higher ISO yield cigarettes. Consequently, the rank order of particulate 

phase yields under the ISO smoking regime tends to be maintained to that obtained under the HCI smoking 

regime. Corresponding constituent yields per cigarette under the ISO smoking regime may be effective for 

ranking of mean MLE estimates, whereas those under the HCI smoking regime may be less effective. 
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Correlations between mean MLE estimates and corresponding smoke constituent yields per mg nicotine 

under the ISO smoking regime were not significant, except those for NNN, acrolein, and tar. As for 

acetaldehyde, acrolein, 1,3-butadiene, benzene, and CO, significant negative correlations were observed 

between mean MLE estimates and corresponding smoke constituent yields per mg nicotine under the HCI 

smoking regime, whereas significant positive correlations were observed for NNN and NNK. Low ISO 

yield (e.g., 1 mg tar yield) cigarettes tended to have lower nicotine yields under the HCI smoking regime 

than high ISO yield cigarettes because of the more efficient filters in the low ISO yield cigarettes. However, 

because of the loss of filter ventilation in cigarettes smoked under the HCI smoking regime, there could be 

little differences in vapor phase yields among cigarette brands. Therefore, the vapor phase constituent 

yields per mg nicotine under the HCI smoking regime could be greater for low than for high ISO yield 

cigarettes. Because lower MLE to vapor phase constituents were obtained from the lower ISO yield 

cigarettes than from the higher ISO yield ones for the Japanese smokers included in our study, this would 

result in the negative correlations between MLE and constituent yields per mg nicotine under the HCI 

smoking regime. Therefore, corresponding constituent yields per mg nicotine under both smoking regimes 

may be ineffective for ranking of mean MLE estimates, because some constituents were negatively 

correlated with MLE; furthermore, the situation differed among constituents. 

 

  In summary, the results of our study suggest that the part-filter method provided a good indication of 

MLE to most of the forty-seven constituents assessed. MLE to nicotine obtained from Japanese smokers 

was compatible with previously published data as reported by Nelson et al. (2011) and Mariner et al. 

(2011). Positive correlations were obtained between mean MLE estimates and corresponding smoke 

constituent yields per cigarette under the ISO smoking regime. But negative correlations were observed 

between mean MLE estimates to a number of constituents in the vapor phase and corresponding smoke 

constituent yields per mg nicotine under the HCI smoking regime. If the Tobacco Product Regulation 

proposal is established in Japan, this could lead to brands which produce higher estimates of MLE to 

smoke constituents may remain in the market, and the number of higher MLE brands would increase 

progressively over time. Smoke constituent yields per cigarette under the ISO smoking regime were the 

most effective for ranking of mean MLE estimates, and ISO tar yields were also effective for ranking, 

except for some constituents. 
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Fig. 7-3. Relationships between mean estimates of MLE to tar and ISO tar yields. Results in this study 

were compared with published data from other studies using the part-filter method. ―●― This study; - -

■- - that of Nelson et al. (2011); .......... that of St.Charles et al. (2010); ○ that of Mariner et al. (2011). 

 

 

Fig. 7-4. Relationships between ISO tar yields multiplied by NNN levels in tobacco filler blend and 

estimates of MLE to NNN. Each point (×) represents MLE estimates for one smoker (N = 780). Each point 

(○) represents mean MLE estimates for each brand. Linear regressions were generated between ISO tar 

yields multiplied by NNN levels in tobacco filler blend and estimates of MLE to NNN for each smoker. 
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Appendix 7-1 

Summary of mean (standard deviation) estimates of MLE to smoke constituents for each brand. 

  No. Acetaldehyde Acrolein  1,3-Butadiene Benzene  Benzo[a]pyrene  NNN  NNK  CO Nicotine  Tar    

    (µg/cig) (µg/cig)  (µg/cig) (µg/cig) (ng/cig) (ng/cig) (ng/cig)  (mg/cig) (mg/cig) (mg/cig)   

  1 435 (230) 38.4 (21.4) 24.0 (14.3) 26.3 (16.2) 6.3 (3.2) 43.8 (22.7) 31.4 (16.8) 9.9 (5.0) 0.6 (0.3) 6.6 (3.3)   

  2 527 (235) 42.1 (19.3) 26.1 (11.9) 28.6 (13.5) 6.9 (2.9) 47.4 (18.6) 33.7 (13.5) 11.2 (5.0) 0.6 (0.3) 6.6 (2.9)   

  3 410 (145) 32.5 (11.8) 21.1 (7.3) 21.5 (7.9) 6.8 (2.3) 26.8 (8.7) 26.6 (8.9) 12.6 (4.8) 0.5 (0.2) 6.3 (2.3)   

  4 324 (170) 19.0 (10.6) 21.9 (10.6) 13.7 (8.1) 5.3 (2.4) 70.5 (29.6) 41.4 (19.7) 9.1 (4.7) 0.7 (0.3) 6.5 (3.3)   

  5 557 (395) 51.4 (40.1) 28.9 (21.7) 30.5 (21.0) 7.8 (4.5) 52.3 (29.9) 35.4 (20.0) 14.2 (8.4) 0.9 (0.5) 10.4 (6.2)   

  6 626 (228) 62.0 (25.8) 35.7 (14.5) 31.6 (13.1) 8.9 (3.5) 21.1 (6.9) 20.3 (6.6) 15.7 (5.5) 0.9 (0.3) 11.3 (4.3)   

  7 640 (208) 60.1 (21.6) 34.1 (14.8) 38.3 (9.3) 9.8 (3.3) 91.3 (26.3) 60.8 (18.1) 15.5 (5.0) 1.0 (0.4) 12.8 (4.6)   

  8 783 (196) 76.5 (20.1) 47.9 (10.9) 45.6 (9.6) 10.5 (2.7) 89.0 (23.7) 63.6 (18.4) 17.5 (4.4) 1.1 (0.3) 15.4 (4.7)   

  9 661 (232) 64.7 (22.1) 38.0 (13.9) 40.4 (13.3) 10.6 (4.1) 46.3 (18.1) 34.9 (15.3) 14.0 (5.5) 0.9 (0.4) 14.2 (5.8)   

  10 672 (203) 58.0 (19.5) 40.5 (11.2) 39.5 (11.1) 12.5 (4.0) 115 (32.5) 78.0 (26.6) 15.1 (4.9) 1.1 (0.4) 15.0 (5.3)   

  11 883 (221) 79.6 (21.7) 49.1 (13.7) 44.6 (8.7) 11.9 (3.2) 92.1 (24.2) 66.5 (19.6) 19.0 (4.9) 1.4 (0.4) 18.1 (5.4)   

  12 803 (186) 76.5 (18.9) 56.6 (11.4) 49.2 (9.0) 13.3 (3.8) 88.2 (19.9) 63.8 (15.6) 16.5 (4.1) 1.3 (0.4) 18.1 (5.6)   

  13 869 (260) 91.8 (31.1) 52.0 (17.3) 41.7 (14.0) 14.0 (5.0) 31.7 (10.3) 30.0 (11.6) 18.8 (5.5) 1.6 (0.6) 20.4 (7.4)   

  14 705 (156) 89.1 (20.3) 51.6 (9.8) 50.7 (8.9) 12.3 (3.2) 18.9 (4.0) 18.4 (4.2) 15.4 (3.6) 1.2 (0.3) 16.2 (4.7)   

  15 823 (263) 94.2 (29.1) 50.1 (15.2) 54.0 (14.4) 18.0 (7.4) 16.3 (6.1) 20.0 (6.9) 16.3 (6.1) 1.8 (0.8) 20.9 (9.2)   
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Appendix 7-2a 

Smoke constituent yields per cigarette under the ISO smoking regime. 

  No. NNN NNK Acetaldehyde Acrolein 1,3-Butadiene Benzene Benzo[a]pyrene Tar Nicotine CO   

    (ng/cig) (ng/cig) (µg/cig) (µg/cig) (µg/cig) (µg/cig) (ng/cig) (mg/cig)  (mg/cig) (mg/cig)   

  1 14.8 9.1 96.6 6.8 6.6 6.7 1.5 1.3 0.13 1.8   

  2 11.7 6.9 85.7 5.8 4.5 4.3 1.1 0.8 0.08 1.3   

  3 8.8 7.2 67.0 4.5 5.2 5.6 1.4 0.8 0.08 1.4   

  4 19.8 10.3 33.5 < LOQ < LOQ 1.1 1.2 1.1 0.13 1.3   

  5 28.7 18.3 218 15.5 12.7 13.0 3.3 3.0 0.29 4.1   

  6 11.6 11.0 255 18.1 13.9 9.4 4.6 4.2 0.35 6.2   

  7 61.0 35.6 318 23.9 29.0 36.3 5.3 5.6 0.50 6.9   

  8 52.2 40.2 558 48.5 31.6 31.6 7.2 8.0 0.60 9.9   

  9 33.0 27.1 469 42.1 19.4 20.9 7.1 7.3 0.53 8.0   

  10 80.6 52.8 433 30.8 23.6 21.2 8.8 8.7 0.70 8.7   

  11 60.4 39.9 541 42.6 31.2 25.5 8.3 9.0 0.72 10.6   

  12 65.0 54.3 633 53.4 43.4 38.0 11.6 12.1 0.92 12.1   

  13 24.2 24.3 668 63.7 38.5 31.6 12.1 12.4 1.00 12.3   

  14 17.7 18.4 787 92.7 53.4 61.4 13.8 13.0 1.03 14.1   

  15 20.8 27.6 918 97.3 62.0 71.8 22.9 20.1 1.76 16.8   
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Appendix 7-2b 

Smoke constituent yields per cigarette under the HCI smoking regime. 

  No. NNN NNK Acetaldehyde Acrolein 1,3-Butadiene Benzene Benzo[a]pyrene Tar Nicotine CO   

    (ng/cig) (ng/cig) (µg/cig) (µg/cig) (µg/cig) (µg/cig) (ng/cig) (mg/cig)  (mg/cig) (mg/cig)   

  1 90.4 62.1 1268 133 77.6 75.3 10.9 15.0 1.02 21.7   

  2 96.4 67.1 1448 146 85.8 87.5 12.1 15.6 1.12 25.0   

  3 53.5 56.8 1770 192 90.6 82.2 16.0 18.1 1.05 33.7   

  4 164 83.7 1330 113 88.1 66.2 11.3 18.0 1.58 23.8   

  5 110 66.3 1388 143 80.0 76.6 12.6 18.5 1.29 23.6   

  6 30.1 27.8 1421 158 79.2 71.8 16.0 18.2 1.17 24.5   

  7 135 96.2 1531 157 82.5 81.2 16.0 22.7 1.55 26.1   

  8 120 98.1 1559 156 82.8 82.4 15.9 24.2 1.60 25.8   

  9 74.6 64.8 1461 148 79.0 86.6 18.5 22.1 1.40 23.4   

  10 187 130.7 1562 145 81.6 86.9 22.6 28.9 2.01 28.2   

  11 124 97.8 1566 149 81.9 75.7 16.6 26.0 1.87 26.5   

  12 134 104 1608 156 98.5 95.6 21.3 30.3 2.24 27.0   

  13 46.8 39.9 1478 164 81.0 76.1 22.8 28.0 2.32 25.4   

  14 32.4 37.5 1648 207 100.0 111 22.6 33.4 2.37 30.1   

  15 38.9 55.9 1683 187 97.6 118 37.9 39.3 3.62 29.2   
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8 Conclusion 

 

The objectives of this study were to present various quality control methods for smoke constituent yields 

from cigarettes. The outcomes are expected to provide a basis for characterizing each cigarette brand in 

detail, and to differentiate cigarette brands from each other. This study consisted of three parts. The first 

part was related to the consideration of quality control for smoke constituent yields (other than tar and 

nicotine) based on quality control systems for tar and nicotine yields. They are described in three sections. 

The first section explored inter-laboratory variability of smoke constituent yields through the analysis of 

reference cigarettes. The other two sections investigated means and standard deviations of constituent 

yields from smoke of commercial cigarette brands in the Japanese market over time, and factors leading to 

variation. The second part related to the prediction of smoke constituent yields from tar yields, using 

simple linear regression models and their stabilities over time. The second part consists of two sections. 

The final part related to the prediction of smoke constituent yields based on consumer smoking behavior, 

and consists of one section. 

Long-term variability of smoke constituent yields between laboratories was investigated when each 

laboratory used their own methods. This data was presented in Chapter 2. The yields of each selected 

smoke constituents in KY2R4F mainstream smoke were obtained by fifteen projects at various time points 

over three years, and were compared between three laboratories in order to understand the long-term 

inter-laboratory differences. The within- and inter-laboratory variability of the constituents were greater 

than those of tar, nicotine and CO. The inter-laboratory differences of the highest to lowest yields of the 

constituents were compared across the fifteen projects. The results showed that the inter-laboratory 

differences of most of the constituents differed considerably depending on the projects. This indicates that 

the evaluation of the inter-laboratory differences should not be based on a single time-point project but on 

longer term inter-laboratory comparison studies. 

The variation in the yields of constituents in smoke from commercial cigarette brands available on the 

Japanese market was presented in Chapter 3. The nineteen commercial cigarette brands were sampled five 

times at two month intervals from 2009 to 2010, totaling ten months. Target constituents were 

benzo[a]pyrene, 1,3-butadiene, benzene, formaldehyde, acetaldehyde, acrolein, NNN, NNK, tar, nicotine, 

and CO. Results showed that CV values highly varied by brand, constituent, and smoking regime. The 

constituents that showed the most variability were NNN and NNK, both in the tobacco filler blend and in 

the smoke. NNN and NNK yields in tobacco filler blend affect NNN and NNK yields in smoke. In addition, 

measurement affected benzo[a]pyrene and 1,3-butadine yields in smoke. However, variation in levels of 

total reducing sugars in tobacco filler blend was not the main factor for the variation for the yields of 

formaldehyde in smoke. Variation of the yields of charcoal in the filter was not the main factor for the 

variation of the yields of 1,3-butadiene, benzene, formaldehyde, acetaldehyde, and acrolein in smoke. The 

factors that cause variation during testing are highly specific to the constituent being measured. The 

standard deviation associated with measurement between laboratories was added to the standard deviation 

associated with cigarette manufacturing over ten months and measurement at the JT laboratory. The grand 

mean of CV values for formaldehyde yield showed the highest increase among the constituents. This was 
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due to the fact that formaldehyde showed the highest CV values for reproducibility among the constituents. 

In order to set realistic and robust confidence intervals for constituents, it is important to take into account 

variations associated with cigarette manufacturing and those associated with measurement within and 

between laboratories. 

The variation in the yields of NNN and NNK from the mainstream smoke of cigarette brands, and 

factors affecting this variation, was presented in Chapter 4. Eleven brands from three major manufacturers, 

which were commercially available in Japan, were selected based on their tar yields under the ISO 

smoking regime. They were sampled once per year from 2009 to 2013, totaling five years. The ranges of 

the CVs for NNN from the smoke of each brand were 5.0 % - 29.9 % under the ISO and 6.3 % - 26.3 % 

under the HCI smoking regime. When these CVs were compared with those of tar, nicotine, and CO yields 

in each brand, they were found to be much higher for all brands under the HCI smoking regime, and higher 

for most brands under the ISO smoking regime. The CVs of NNN and NNK yields from the smoke of 

KY3R4F reference cigarettes were both 6.0 % under the ISO regime, and 8.1 % and 6.7 % under the HCI 

regime, respectively. When these CVs were compared with NNN and NNK yields from the smoke of 

eleven cigarette brands in the present study, they were mostly greater than those of KY3R4F. Variation in 

NNN yields from tobacco filler blend was the main contributor to variation in NNN yields from smoke. 

The contribution of cigarette design parameters was small within the range of normal brand maintenance. 

Overall, variation in NNN and NNK yields from smoke of commercial cigarette brands over time is mostly 

greater than that from smoke of KY3R4F manufactured in a single batch, and variation in tar, nicotine, and 

CO yields from smoke of the same brand, due to variation in NNN and NNK yields from tobacco filler 

blend over time. 

The prediction of smoke constituent yields from tar yields with simple linear regression models and their 

stabilities over time was presented in Chapter 5 and 6. Tar, nicotine or CO are reliable indicators for the 

majority of mainstream smoke constituents investigated. R squared values demonstrate strong functional 

relationships. The prediction of blend-type sensitive constituents can be improved by blend-type 

stratification or, alternatively, by introducing nitric oxide as an independent variable. The results indicate 

that cigarette design features such as blend-type and filter type have strong impact on the variability of 

smoke constituent yields. The analytical variability, estimated from repeated measurements of reference 

cigarettes during the period of this study, and expressed as 95 % confidence interval of the mean, 

amounted to approximately 7 to 8 % for tar, nicotine and CO. The corresponding confidence intervals for 

the mean yields of measured smoke constituents other than tar, nicotine or CO in reference cigarettes 

ranged from 9 to 57 %, with confidence intervals greater than 15 % for two third of the constituents. 

Analytical variability (9 - 57 %) and error of prediction (7 - 49 %) were in the same order of magnitude. 

These figures illustrate that prediction is a useful tool for providing smoke constituent yield information 

from conventional cigarettes, such as those selected in this study, and using a single laboratory. In the 

absence of an international standard method for the smoke constituents, data from different studies should 

be regarded as indicative rather than absolute. However, accumulated data from various benchmark 

exercises suggest that yields of smoke constituents in this study are largely predictable from tar, CO or 

nitric oxide within the range of variability defined by the study design, the sampling procedure, the 
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manufacturing process, the frequency of testing and the experimental uncertainty. Statistical comparison 

between the linear regressions in 2002 and 2005 indicated no significant differences for the majority of the 

constituents. More than 80 % of the constituent yields of the products in 2007 were within the 95 % 

prediction intervals for the linear regressions in 2005 for the majority of the constituents. From these 

findings, linear regressions using tar or nitric oxide as an independent variable have remained constant 

over time, and therefore demonstrate the stability of smoke profiles over time. 

The prediction of smoke constituent yields based on consumer smoking behavior was presented in 

Chapter 7. The results of this study suggest that the part-filter method provides a good indication of MLE 

to forty-one out of forty-seven smoke constituents with using linear regression. R
2
 values for formaldehyde 

ranged from 0.53 to 0.76. The higher flow rates used for calibration smoking regimes may have been 

partially responsible for the lower correlations between nicotine content in part-filters and formaldehyde 

yields. Smoke constituent yields are, in most cases, obtained under a standard machine-smoking regime, 

which does not reflect all consumer smoking behaviors. It is shown that the level of exposure in individual 

smokers to mainstream smoke constituents varies considerably, even for users of the same cigarette brands. 

Nelson et al. (2010) reported that the magnitudes of correlation coefficients increased when mean MLE 

values per brand instead of MLEs per smoker were used to assess the relationships with tar and nicotine 

yields under machine smoking regime. This was due to the removal of the smoker-to-smoker MLE 

variability within each brand-style. Standardized smoking regimes such as that established by the ISO 

provide a means of ranking cigarettes in terms of smoke yields rather than absolute yields (Independent 

Scientific Committee on Smoking and Health, 1988). Thus, Spearman’s rank correlation coefficient was 

used to assess the relationships of rankings between mean MLE estimates and various machine-smoking 

yields in this study. Smoke constituent yields per cigarette under the ISO smoking regime are the most 

effective for the ranking of mean MLE estimates, and ISO tar yields are also effective for ranking, except 

for some constituents. 

 

If features of each cigarette brand are understood based on smoke constituent yields, such information 

might allow the characterization of each cigarette brand in detail and the differentiation of cigarette brands 

from each other. Currently, most widely studied smoke constituents are as a result of regulatory 

requirements (Health Canada, 2000; Brazil, 2001; FDA, 2012). Experience from studying these smoke 

constituent yields can be expanded and applied to the other constituents which, for example, relate to taste 

and flavor. 

Consideration of quality control for smoke constituent yields (other than tar and nicotine) based on 

quality control systems for tar and nicotine yields was presented first. This investigated smoke constituent 

yields variation within a given cigarette brand over time. Most constituents focused on in this study are 

present in microgram, or even nanogram quantities. As a result, for some smoke constituents, variation 

associated with measurement is still the main source of variation in the yields. Analytical methods used for 

the measurement of such constituents need to be improved. It is also important for laboratories to 

participate periodically in collaborative studies or proficiency tests to check the precision and stability of 

the measurement, if such studies or tests are available. When variation associated with measurement and 
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manufacturing of constituent yields in smoke of commercial cigarette brands are studied over time, 

stability of reference cigarettes are always checked together with commercial cigarette brands. Variation in 

NNN yields from tobacco filler blend mainly contributes to variation in NNN yields from smoke. Smoke 

constituents transferred from tobacco, in a similar way to NNN, might have higher variation due to the fact 

that cigarettes are agricultural product. Different characteristics may be observed between different crop 

years even in the same grade of tobacco (Belushkin et al., 2015). The contribution of cigarette design 

parameters was shown to be small within the range of normal brand maintenance. The small variation 

within a given brand may not be adequate to demonstrate the relationship between smoke constituent 

yields and factors for their variation. The estimated standard deviations associated with both cigarette 

manufacturing over ten months and measurements at different laboratories are useful to understand the 

realistic variability. 

Then, the prediction of smoke constituent yields from tar yields with simple linear regression models 

and their stabilities over time were presented. A benchmark approach was used to evaluate functional 

relationships between individual smoke constituent yields and reliable smoke measures of tar yields for 

commercial cigarette brands from the market. Blend-type sensitive constituents such as NNN and NNK 

show improved prediction relationships after blend-type stratification or the addition of nitric oxide as an 

independent variable. Selection of representative cigarette brands with similar design features in the 

market is important to obtain reliable prediction models. Therefore, the application of prediction models to 

diverse cigarette brands in the Japanese market can provide a basis for the study of other markets around 

the world, providing an example of how to set a homogeneous cigarette brand group to establish prediction 

models. Prediction performance is expected to be further improved if additional independent variable such 

as a precursor for the target constituent is included to the functional relationship. 

Prediction was further applied to understand smoke constituent yields based on consumer smoking 

behavior. Filter analysis using spent cigarette filters is a noninvasive method to estimate human smoke 

exposure (e.g., Baker et al., 1998; Polzin et al., 2009; Shepperd et al., 2006; St.Charles et al., 2009, 2006; 

Watson et al., 2004). Filter analysis is based on the premise that the amount of a given constituent passing 

through a filter is proportional to the amount retained in a spent cigarette filter. A smoker’s MLE to a given 

constituent can be estimated from nicotine content in spent cigarette filters using linear regressions from 

several smoking regimes that reflect various human yield levels. This study used a single time point for 

data collection. It is shown that the level of exposure in individual smokers to mainstream smoke 

constituents varies considerably, even for users of the same cigarette brands. Nelson et al. (2011) inferred 

that differences in calibration procedures and composition of the groups of smokers may have contributed 

to the differences in mean MLE estimates observed between studies. Therefore, it is important to repeat the 

research to apply calibration curves prepared in this study to different smokers for better understanding 

smokers’ MLE to a given constituent. 

 

This study provides comprehensive quality control methods for understanding a cigarette brand, a 

market that involves various cigarette brands, and individual smokers based on smoke constituent yields. 

Smoke constituents transferred from tobacco, in a similar way to NNN, can be controlled by understanding 
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the level of a precursor in tobacco filler blend. Benchmark studies, evaluating functional relationships 

between individual smoke constituent yields and reliable smoke measures of tar yields for various 

commercial cigarette brands, help to understand groups of cigarette brands with similar design features in 

the market. In addition, a nicotine part-filter method can be used for estimating the smoke constituent 

yields entering the smoker’s mouth. Various prediction models enable to estimate smoke constituent yields 

for a cigarette brand and a smoker’s MLE in a reasonable timeframe. 

We hope these findings will enhance the understanding of each cigarette brand objectively and 

characterize each cigarette brand in detail. 
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