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The recent availability of internal tobacco industry documents provides significant insight into industry 
knowledge and manipulation of tobacco smoke delivery. One critical area of research is the role of smoke 
chemistry in determining the absorption and effects of smoke constituents, especially harm producing or 
pharmacologically active compounds. Independent scientific research has suggested that the nicotine 
dosing characteristics, hence the addiction potential of cigarettes, may be determined in part by the 
amount of free-base nicotine in cigarette smoke and its effects on the location, route, and speed of 
absorption in the body and on the sensory perception effects of the inhaled smoke. Tobacco industry 
documents describe the use of a number of methods internally for measuring free-base nicotine delivery. 
These include the common use of cigarette "smoke pH" as a means to estimate the fraction of free-base 
nicotine in the particulate matter (PM) in cigarette smoke, as well as efforts to measure free-base nicotine 
directly. Although these methods do not provide accurate absolute measures of free-base nicotine in 
smoke, consistencies observed in the findings across the various manufacturers indicate: (1) real relative 
differences in the acid/base chemistry of the smoke from different brands of cigarettes; (2) a connection 
between differences in free-base levels and brand-dependent differences in sensory perception and smoke 
"impact"; and (3) levels of free-base nicotine that are greater than have typically been publicly discussed 
by the industry. Furthermore, the results of these methods are generally consistent with those of a recent 
study from the Centers for Disease Control and Prevention which directly measured the free-base fraction 
of nicotine across a range of cigarette types. Consideration of the likely fundamental importance of free-
base nicotine levels in cigarette smoke, together with the efforts discussed in the tobacco industry 
documents to measure such levels, indicates that the public health community would benefit from 
additional research to assess directly the delivery of free-base nicotine in cigarette smoke across brands. 
This may be especially useful for those products ("light", "ultralight", "reduced carcinogen", etc) that 
have been promoted, either explicitly or implicitly, as "harm reducing". 

I
nternal tobacco industry documents, made publicly avail-
able as a requirement of the 1998 Master Settlement 
Agreement,' provide an important resource for under -

standing tobacco industry knowledge and intent regarding 
the delivery of nicotine and other smoke constituents to 
smokers. In this article, we examine internal documents to 
assess industry-measured differences among brands in the 
forms of nicotine delivered to the smoker. Our research 
extends observations by earlier reviewers. For example, Hurt 
and Robertson concluded that the form of nicotine deposited 
in the lungs has implications for addiction, based on their 
review of industry documents,' and Pankow's review of 
internal RJ Reynolds Tobacco Company (RJRTC) research on 
the importance of volatilisation in the respiratory tract 
deposition of nicotine extended those conclusions.' Their 
findings indicate that the chemistry of cigarette smoke may 
be manipulated through intended or unintended changes to 
product design, with direct implications for the deposition, 
metabolism, and effects of specific smoke constituents. 

Although it is now accepted that the establishment of 
nicotine dependence by cigarette smoking requires that 
cigarettes provide adequate doses of nicotine, there has been 
relatively little study outside of the tobacco industry of what 
constitutes minimally acceptable and addictive doses of 
nicotine."' Scientific assessment has conventionally focused 
on the per cigarette nicotine dose, either through measure-
ment of the total mainstream smoke nicotine produced under 
standard machine smoking conditions, or as inferred from 
studies of the metabolised nicotine present in the body after 

smoking.' " ' The addiction potential of a drug can, however, 
depend on a number of factors beyond dose—for example, 
the speed of delivery and receptor activation, as well as 
subjective sensory effects associated with drug administra-
tion.'-'' It is thus plausible that the addiction potential of 
commercial cigarettes may be significantly altered by changes 
in cigarette design that affect the form of nicotine delivered, 
the associated sensory effects, the location and route of 
absorption, and/or the speed with which the cigarette 
produces pharmacological effects.' The forms of nicotine 
delivered by cigarettes have consequently received increasing 
attention in recent discussions of the implications of cigarette 
smoking on public health.'' These discussions include 
considerations of statements found in the tobacco industry 
documents. 

Acid/base chemistry of nicotine 
In tobacco smoke, nicotine can be found in both the smoke 
particulate matter (PM) and in the gas phase of the smoke.' 
The conventional view has been that most of the nicotine in 
the mainstream smoke is in the PM phase, with 1% or less 
initially in the gas phase.'' In smoke PM, nicotine can exist 
in three pH-dependent forms: diprotonated, monoproto-
nated, and unprotonated ("free-base"). The diprotonated 

Abbreviations: BWTC, Brown & Williamson Tobacco Company; EEG, 
electroencephalogram; FTC, Federal Trade Commission; ISO, 
International Standards Organization; O/WP, oil/water partitioning; 
PM, particulate matter; PMTC, Philip Morris Tobacco Company; RJRTC, 
RJ Reynolds Tobacco Company 
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form has usually been assumed to be of negligible importance 
in tobacco smoke.' 2° While application of the concept of pH 
to tobacco smoke PM is considerably more complex than its 
use in aqueous systems,' nevertheless the fraction of free-
base nicotine in PM always increases as the alkalinity of the 
PM phase smoke increases. In the gas phase, nicotine is 
found only as free-base nicotine. 

Drawing on principles of aerosol chemistry and physics, 
Pankow has described how tobacco smoke PM serves as a 
carrier that allows nicotine to be transported into the lower 
respiratory tract.' In the complete absence of smoke particles, 
the only nicotine present would be gaseous free-base 
nicotine. This nicotine is rapidly removed on inhalation by 
deposition in the mouth and throat," and may produce 
sensory effects (for example, "impact") or other physiological 
responses in the smoker (table 1)." The majority of deeply 
inhaled smoke nicotine is retained in the lower respiratory 
tract." While it has been argued that most of this nicotine 
deposits as protonated PM-phase nicotine," Pankow 
theorised that PM-phase nicotine that reaches the lower 
respiratory tract can deposit there in particle form, or can 
volatilise ("off-gas") as free-base nicotine with subsequent 
rapid deposition from the gas phase onto lung tissue.' The 
work of Watson et al," in which tobacco smoke particulate 
was captured separately from the gas-phase and then free 
nicotine was allowed to off-gas from the particulates as a way 
of measuring free nicotine fractions in the particulate, 
provides further evidence of the volatilisation process. 
Overall, it appears both plausible, and consistent with 
assumptions made in tobacco industry documents, that the 
more free-base nicotine delivered to the lungs, the greater the 
initial dose strength and the greater the addiction potential." 

Measuring free-base nicotine 
In practice, discussions of the role of free-base nicotine in 
cigarette smoke have been complicated by differences of 
opinion as to how to best measure free-base nicotine delivery 
as it is controlled by the acid/base conditions in the smoke. 
Despite the considerable conceptual differences that exist 
between measured "smoke pH" values and aqueous pH," 2fi-" 

measurements of cigarette "smoke pH" have been widely 
attempted as a means to calculate free-base nicotine 
deliveries for smoke PM. Such "smoke pH" measurements 
have generally yielded acidic values that are '-6.5 or less, 
resulting in calculated percent free-base values that range 
from —0.001 to a maximum of -0.03.03 At such levels, the 
amount of free-base nicotine in the PM that is available for 
evaporative deposition in the lungs has been presumed to be 
small. 

In response to the fact that typical "smoke pH" measure-
ments are now widely recognised as being unreliable in 
absolute terms,' z43° " Pankow et al have determined that an 
assessment of differences among brands can best be obtained 
by the direct measurement of percent free-base values in 
tobacco smoke PM samples."' " This approach has been 

Table 1 Possible effects of increases in amount of free-
base nicotine delivered 

Increased oral 
absorption 

-o Increased activation of 

Increased efficiency —> 
of respiratory 
deposition 

Increased volatility —› 
from inhaled particles 

oral sensory receptors 

Greater retention of 
total smoke nicotine 

More rapid absorption 
of nicotine in lung tissue 

Heightened sensory 
"cue" for nicotine 
delivery 

-3 Greater availability of 
nicotine for 
deposition /absorption 

Reduced time course of 
delivery to brain 

separately adopted in recent studies by Pankow et al" and 
Watson et al.03

Goals 
This paper examines industry measures of free-base nicotine 
delivery in order to assess the likelihood of the existence of 
differences in delivery among brands. These free-base 
nicotine values are also examined in the context of 
industry-obtained subjective measures of smoke acceptabil-
ity, including perceived "sensory effects" and smoker 
"satisfaction". Finally, the results are considered in terms 
of the absolute reliabilities of the industry measures of free-
base nicotine as based on "smoke pH" and other methods. 

METHODS 
More than 7 000 000 tobacco industry documents have been 
disclosed by the major tobacco companies during litigation 
processes, and then made publicly available as a result of the 
1998 Master Settlement Agreement.' The documents used in 
this paper were accessed via the internet through the 
interface and archival database maintained at Tobacco 
Documents Online (www.tobaccodocuments.org). 
Document identification was performed using an index-
based word search of titles, authors, recipients, and other 
document characteristics (such as date, document type, 
original file location), as well as keywords and abstracts. 
Whenever available, full-text optical character recognition 
was also used. The searches were conducted employing 
combinations of terms paired across a set of five term groups 
as listed below (for example, "nicotine and pH", "free-base 
and nicotine"): 

• nicotine 

• free, free-base, bound, protonated, unprotonated, volatile, 
extracted, extractable 

• pH, smoke pH, whole smoke, particulate, vapour phase 

• method, measure, measurement, absorption, deposition, 
evaporative, transfer, uptake, denuder, bubbler, nuclear 
magnetic resonance, NMR, oil/water, o/w 

• sensory, impact, satisfaction, subjective, perception, phar-
macology, physiology. 

The relation of terms to each other in the text (that is, 
paired, or appearing within a specified number of words) was 
used to refine searches, and word stemming (for example, 
"-s", "-ed", "-ing") was included where appropriate. 

Relevancy was determined based on whether documents 
described: (1) industry attempts to estimate or directly 
measure free-base nicotine levels in cigarette smoke; 
(2) correlation of free-base nicotine with sensory perception 
or subjective measures; or (3) differences in sensory or 
pharmacological response among cigarette brands. Relevant 
documents were abstracted and indexed. The resulting 
document set was surveyed for recurring authors, keywords, 
codes, or project names that would suggest further avenues 
for retrieval. An indexed set of 471 documents can be 
accessed (as of 15 June 2005) at: http://tobaccodocuments. 
org/product_design/list.php?field_id = 9&resource_id = 23577. 
Of these, 70 documents are referenced in this paper. 

A number of unique difficulties associated with the use of 
internal industry documents as a source of scientific 
information must be considered. Industry research was not 
generally subjected to careful peer review, and details 
regarding the experimental methods used and the resulting 
quality of the data are often unavailable, making it difficult 
to assess the reliability of the science. In addition, the 
available documents do not always represent the totality of 
the internal research that was conducted on a particular 
topic—as indicated by the existence of many partial reports 

www.tobaccocontrol.com 

JUUL Labs, Inc., Exhibit No. 2005
Case No. IPR2026-00161

Page 2 of 10



Free-base nicotine differences across brands 191 

Table 2 Survey of internal industry methods for determining "smoke pH'"'" 

Method Description Industry use 

Sensabaugh and Cundiff 
(1967) 

Backhurst (1966) 

Artho and Grob (1966) 

Linder and Frank (1984) 

"Philip Morris" method 
(1970) 

Lakritz (1975) 

Harris and Hayes (1977) 

ISFET whole smoke 
method (1997) 

Puff-by-puff measure of whole smoke (vapour and PM) 
using solvent-coated glass electrode in smoke aerosol 

Aqueous (cold-trapped) whole smoke measure using pH 
electrode 

Measure of smoke pH of PM collected on Cambridge pad 
and dissolved in water 

Puff-by-puff measure of smoke pH using PM collected on 
Cambridge pad 

Whole smoke measure, no puff profile 

Measure of both whole smoke and vapour phase using 
platinum-sliver, silver chloride electrode 

Whole smoke measure using pH electrode, modifying 
Sensabaugh method (with no puff profile) 

Whole smoke measure, modifying Harris-Hayes method 
with use of solid-state probes (not glass electrode) 

RJ Reynolds Tobacco Company (RJRTC): Sensabaugh technique 
used internally for "several years" before 1971 
Brown & Williamson Tobacco Company (BWTC): Used 
experimentally... "Work reported by Honeycutt, Frank, and Johnson 
showed a range of over one pH unit... for similar cigarettes of 
the same brand style." (1984-1989) 

BWTC: Experimental use only 

BWTC: Adopted as standard method, used until 1987, and in 
altered form through 1997 
Lorillard Tobacco Company (LTC): Used internally by Ihrig, others 
1969-1973 

BWTC: "this work was reported in a little-known file note" in 1984 

Philip Morris (PMTC): Standard method, at least as early as 1970 

LTC: Internal method 

BWTC: Used experimentally in 1990 

BWTC: Adopted in 1997 

and memos. Finally, within each given company, the 
documents are authored by numerous different researchers 
from a range of departments over tens of years, and so 
findings are sometimes inconsistent and occasionally even 
contradictory. Comparisons of the documents reveal real 
company-to-company differences in approach to the issues of 
studying nicotine in tobacco smoke, a finding that must be 
taken into account. 

RESULTS 
Industry use of "smoke pH" for estimating free-base 
nicotine in tobacco smoke PM 
Industry documents indicate a long-term and industry-wide 
reliance on measurements of "smoke pH", "tar", and total 
nicotine delivery as a common means to understand the 
relative properties of the smoke produced by different 
cigarette brands." " The "smoke pH" methods that have 
been utilised internally by tobacco manufacturers are 
summarised in table 2"'; industry uses of "smoke pH" 
values are summarised in table 3.'°-56

Table 3 Summary of internal industry uses of "smoke 
pH" measures 

• Across all major manufacturers, as a comparative (relative) measure 
of free-base nicotine levels" "-" 

• As a means, in conjunction with total nicotine levels, for estimating 
free-base nicotine levels" " 

• For comparisons of brands across manufacturers,' for analysis of 
consumer preferences," and to provide "additional information for 
development of new brands"

• To predict changes in product perception based on form of nicotine 
delivered, as in a 1977 RJR panel study: "Panelists seem to respond 
to relatively small changes in pH near the region where free nicotine 
would exist."' 

• As a correlating parameter with smoker perceptual responses 
including: (a) perceived "impact",*" " and electrophysiological and 
other responses"; (b) pharmacological satisfaction"; and (c) 
perception of smoke characteristics such as irritation, tobacco taste, 
and menthol" " 

*Impact" is considered to be an important sensory cue that is linked to 
the pharmacological effects of smoking. 

As noted above, the main perceived utility of "smoke pH" 
values to the industry has involved the assumption that they 
can be used to compute free-base nicotine deliveries. Indeed, 
in industry documents, "smoke pH" is frequently discussed 
as a surrogate for free-base nicotine levels. For example, in 
one series of RJRTC documents, "smoke pH" is used as a 
parameter to assess the implications of different deliveries of 
free-base nicotine for brand market share."' For the period 
1964 to 1973, the RJRTC researchers note: 

"Our preliminary correlations strongly suggest... that the 
vigorous, sustained growth in sales of Marlboro (and other 
Philip Morris brands) and Kool correlates closely with the 
increased smoke pH, hence increased "free" nicotine and 
nicotine impact of those brands... Our emphasis should be 
directed toward free nicotine while pH would provide us 
with a measure of or tool to effect free nicotine."41

Other industry approaches for estimating free-base 
nicotine deliveries in tobacco smoke PM 
Although measured "smoke pH" values have been used 
extensively for estimating free-base nicotine in tobacco 
smoke PM, other techniques were also developed and used 
by the industry. These techniques are described below and 
summarised in table 4. 

"Extractable nicotine" 
From the 1960s through the 1980s, Brown & Williamson 
Tobacco Company (BWTC) utilised an internally-developed 
extraction method in which smoke PM collected on a glass 
fibre filter ("Cambridge filter pad") was equilibrated by 
placing the "pad" in initially-pure water. The water was then 
extracted with chloroform," and the nicotine extracted into 
the chloroform was measured by gas chromatography. The 
result was expressed as a percentage of the total nicotine 
delivery." This methodology was apparently developed based 
on the assumption that it is primarily the free-base nicotine 
originally in the PM that ends up in the chloroform. 
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Table 4 Survey of internal industry methods for measurement of free-base nicotine45 " " 58 
62 76-80

Method Description Industry comments Industry use 

Shmuk (1953) 

Extractable nicotine 
(BWTC -1965) 

Nuclear magnetic 
resonance (PMTC -1975) 

Headspace nicotine 
(BWTC -1984) 

Gas phase nicotine- 
denuder tubes 
(PMTC -1991) 

(RJRTC -1990) 

Bubbler adsorption— 
volatile nicotine 
(RJRTC -1991) 

Spinning denuder-volatile 
nicotine (RJRTC -1991) 

Selective solvent extraction, with 
quantification by chromatography 
or spectroscopy 

Chloroform extraction of free base 
nicotine from aqueous solution of 
smoke PM 

Measure of changes in the chemical 
shift of the n-methyl resonance of 
nicotine. 

Headspace GC determined for PM 
collected via Cambridge pad 

Use of open-tube denuders to separate 
vapour phase from PM nicotine 

Smoke passed through bubbler 
containing water as adsorption 
medium 

Denuder-based method, using 
spinning to ensure uniform solvent 
coating 

LTC (1976): "this should not be a difficult LTC: "Quick check" GC method in place; 
analysis." however, the proposed standard assay 

"was never acted upon" 

BWTC (1965): Good agreement with BWTC: Standard use of extractable nicotine 
strength perception, and smoke pH measurements maintained at least until 
measurements 1984 
BWTC (1974, 1977): Unusually high 
results/adjustments required for low-tar, 
low weight cigarettes 

PMTC (1975): "The results obtained by PMTC: Published research using NMR 
this method indicate that the condensates technology in 1977; further internal use 
are not acidic and the majority of nicotine undetermined 
in condensate exists as the free base" 

BWTC: Experiments in 1984 

PMTC (1991): "technique seems to be PMTC: Experiments throughout 1991 
sufficiently definitive for any significant 
changes in relative deliveries of nicotine in 
the vapor phase"; not effective for 
defining small differences 

RJRTC (1990): "low rates of nicotine RJRTC: used in 1990, replaced by bubbler 
removal relative to expected vapor adsorption 1991 
deposition rates" 
RJRTC (1991): "uncertainty that the inner 
walls of the syringe remained sufficiently 
wetted throughout the smoke aging to act 
as perfect sinks for nicotine vapor." 

RJRTC (1991): Mimics vapour removal RJRTC: "converted to standard method" in 
with minimal particle deposition 1991, with major improvement in results; 
characteristic of the human airway technique "being applied to many studies." 

RJRTC (1991): "Incorporates physical RJRTC: Proposed in 1991; results unknown 
properties of upper airway"... 
"quantitative measures... can be related 
to human experience" 

BWTC, Brown & Williamson Tobacco Company; LTC, Lorillard Tobacco Company; PMTC, Philip Morris Tobacco Company; RJRTC, RJ Reynolds Tobacco 
Company. 

Although it was observed internally that "it has not been 
established completely that the nicotine extracted with 
chloroform is the free base"," and although the measured 
"extractable nicotine" values were consistently higher than 
free-base nicotine levels calculated from "smoke pH" 
measures," " the quantity "extractable nicotine" was never-
theless used as a proxy measure for free-base nicotine 
delivery." Moreover, after accounting for differences in the 
amount of smoke PM collected, the BWTC researchers 
concluded that: (1) there was good correlation between 
"extractable nicotine" deliveries and "smoke pH"," and that 
(2) "extractable nicotine" levels were useful when comparing 
brands." 

For example, in one BWTC study," domestic market 
brands were classified as being either "lower" or "higher" 
in the delivery of "extractable nicotine". The "lower" 
products were associated with reduced or flat market sales, 
and "higher" products were associated with increasing sales. 
The authors concluded: "The data seem to indicate a demand 
in the domestic market for those brands in the higher 
extractable nicotine range."" 

BWTC researchers also concluded that perceived sensory 
"impact" was well correlated with "extractable nicotine"," 
and that "impact" correlated more closely with "extractable 
nicotine" than with total nicotine." Those studies thus 
hypothesised that free-base nicotine delivery (as approxi-
mated by "extractable nicotine") is an important factor in 
determining the perceived strength of cigarette smoke.' An 
empirical equation to predict "impact" was developed based 

on "extractable nicotine", "non-extractable nicotine", and 
the draw resistance of the cigarette." 

"Oil/water partitioning" 
Another variation of the "extractable nicotine" method 
developed by BWTC scientists was referred to as the "oil/ 
water partitioning" ("O/WP") method," in which cigarette 
smoke was bubbled through an aqueous buffer solution 
(rather than initially-pure water), followed by extraction 
("partitioning") of the buffer solution with chloroform (the 
"oil"). It was argued that the nicotine level obtained by this 
"O/WP" method could be used to predict "impact", and that 
such predictions correlated closely with the predictions of 
"impact" based on "extractable nicotine"." 

"Volatile nicotine" 
In the early 1990s, RJRTC researchers sought to develop a 
method that could be used to determine the ability of 
nicotine to evaporate from inhaled smoke, and then deposit 
from the gas phase onto respiratory tract surfaces." One 
method involved bubbling smoke through initially-pure 
water, followed by measurements of both the nicotine in 
the water, and collected on a "Cambridge filter pad" placed 
downstream of the bubbler." It was assumed that 
volatilised nicotine would be absorbed into the water, and 
that most of the nicotine remaining in the smoke particles 
would pass through the bubbler unretained. The resulting 
"volatile nicotine" values were found to correlate with 
"impact", sensory strength, and throat harshness." " Also, 
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Year/manufacturer conducting "smoke pH" testing 

Figure 1 Sample of industry document measured "smoke pH" values for selected commercial brands, 1964-1988.4' 43 " 53 59 
81-92 *Cambridge, 

Now, Merit. BWTC, Brown & Williamson Tobacco Company; PMTC, Philip Morris Tobacco Company; RJRTC, RJ Reynolds Tobacco Company. 

"volatile nicotine" was found to be more consistently 
correlated with "impact" and harshness than either the 
tar/nicotine ratio, or total nicotine." " Overall, it was 
concluded that this method gave useful results," though it 
was noted that: 

"Smoke pH should be expected to have some relationship 
to 'volatile' nicotine, but measurements [e.g., "smoke 
pH"] made by standard methodology yielded inconsistent 
correlations."72

Some internal discussion distinguished between "volatile 
nicotine" results and a true measurement of free-base 
nicotine, and one scientist concluded: 

"[T]here is no[t] any analytical procedure available to 
distinguish the volatile nicotine from the non-volatile 
nicotine in smoke or in tobacco."73

Nevertheless, results obtained by the "volatile nicotine" 
method were considered to be of sufficient value that a 1992 

Table 5 Sample of industry document measured free-base nicotine values (%) for 
selected brands, 1968 to 199244 49 53 59 64 78 82 84 85 94-96 

Method Company/year Marlboro Kool Winston Viceroy Other brands 

Extractable nicotine BWTC/1968 18% 25% 
Extractable nicotine BWTC/1969 23% 24% 16% 24% Salem 19% 
Extractable nicotine BWTC/1976 36% 28% 30% 
Extractable nicotine BWTC/1977 29% 30% 20% 28% Salem 27% 

Extractable nicotine 
(method unknown) 
Extractable nicotine 

BWTC/1980 
BWTC/1984 
BWTC/date 
unknown 

29% 25% 
25% 

29% 

Merit 50% 
Now 50% 
Merit 50% 

Cambridge 59% 

Barclay 64% 
Headspace nicotine BWTC/1984 11% 9% 10% Merit 13% 
(method unknown) 
Gas-phase nicotine 

LTC/1978 
PMTC/1991 0%/4% 

Kent III 29%/20% 

Volatile nicotine RJRTC/1991 4% 5% Marlboro Lights 6% 
Winston Lights 5% 

Volatile nicotine RJRTC/1992 5% 5% Camel- 4% 

BWTC, Brown & Williamson Tobacco Company; LTC, Lorillard Tobacco Company; PMTC, Philip Morris Tobacco 
Company; RJRTC, RJ Reynolds Tobacco Company. 
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RJRTC memo suggested that standard ISO (International 
Standards Organization) measurements of total nicotine be 
replaced company-wide by "volatile nicotine" measure-
ments." 

Direct methods 
It would be optimal to probe the smoke PM phase by a 
technique that gives a signal that is directly related to free-
base nicotine. Philip Morris Tobacco Company (PMTC) 
researchers in the mid-1970s attempted to utilise nuclear 
magnetic resonance spectroscopy in this type of effort, the 
results of which suggested that the majority of nicotine in PM 
exists in free-base form." We note that the interpretation of 
their results may have been confounded by their addition of 
acetone as a dilution solvent to the smoke-PM phase. 
Similarly, liquid chromatography-based research conducted 
in 1977 by RJRTC failed to achieve determination of levels of 
free-base nicotine in extracts and was eventually aban-
doned." 

"Smoke pH" and free-base nicotine deliveries 
measured by the tobacco industry 
As noted above, the most common internal industry 
method for calculating free-base nicotine deliveries utilised 
measured "smoke pH" values. Unfortunately, document-to-
document comparisons of "smoke pH" values are severely 
compromised by differences in "smoke pH" methodology 
and complicated by incomplete information on the methods 
used. Figure 1 provides a sample of measured "smoke pH" 
values found in tobacco industry documents from the period 
1960 to 1990 for selected commercial brands of cigar-
ettes.' " " " 59 "-92  Table 5 summarises the free-base nicotine 
deliveries obtained by industry measurements for selected 
brands.. 49 53 59 64 78 82 84 85 94-96 

The "smoke pH" values in fig 1 vary from 5.0 to 7.2. The 
document-based evidence suggests that at least in some 
cases, the measured brand-to-brand differences were reflec-
tive of real product differences.' " 93 Also of interest to 
tobacco manufacturers internally were the observable varia-
tions over time of "smoke pH" within brands.34 4' The 
majority of the values in fig 1 fall in the range 5.5 and 6.5. 
When applied directly (but therefore inappropriately) to 
estimation of free-base nicotine, these values give a 
corresponding range of calculated free-base nicotine percen-
tages between —0.3% and —3%. In contrast, an actual 
"effective pH" range for contemporary domestic cigarettes 
(calculated from measures of the fraction of free-base 
nicotine in the smoke PM phase) was reported by Pankow 
et al to be —1 to —36%.29 A close evaluation of the historical 
variations in fig 1 is not possible because of differences 
among the methods used. 

Internal industry observations based on testing methods 
other than "smoke pH" often report free-base nicotine 
percentages that are much higher than would be inferred 
based on calculations using "smoke pH". For example, a 1980 
BWTC study observed "smoke pH" values between 5.3 and 
6.4 for commercial brands,' while "free nicotine" percen-
tages (presumably measured by the "extractable nicotine" 
method) were between 23% and 50%—much higher than 
"smoke pH" calculated yields. Similarly, a 1984 BWTC study 
reported "smoke pH" values for Fool cigarettes of 4.8 to 5.8, 
and "free nicotine" percentages of 15-35%.53 In both of the 
above studies, the "smoke pH" values were correlated with 
free-base values. 

Although each tobacco industry method has limitations 
and none of them provide an absolute determination of free-
base nicotine deliveries, each method appears to have 
allowed some degree of relative comparison of free-base 
nicotine deliveries among brands, and there appears to be 

general consistency in the findings across methods and 
studies. 

Relative brand differences 
Overall, the "smoke pH" values indicate considerable brand-
to-brand variations. Despite the many stated limitations of 
the data, consistent relationships are observed between 
brands for internal "smoke pH" measurements (fig 1). For 
example, during the period 1965-1980, Marlboro exhibited 
consistently-higher "smoke pH" values relative to Winston, 
regardless of testing method or manufacturer; after 1980, 
both brands gave similar "smoke pH" values. Similarly, "low 
yield" brands such as Merit and Barclay show higher values 
relative to "regular" brands. Consistent patterns of relative 
brand differences such as these explain the long-term use of 
"smoke pH" measurements by the tobacco industry, and 
contrasts with public claims by the industry that little or no 
variation in "smoke pH" exists among brands.' 98

Other measures of free-base nicotine, including "extrac-
table nicotine" and "volatile nicotine" measures, also 
indicate significant brand-to-brand differences. A consistent 
finding from these measures is the strong correlation 
demonstrated between the sensory perception of throat 
"impact" and estimated free-base nicotine levels. Measures 
specifically targeting free-base nicotine also provided stron-
ger correlation with "impact" than more traditional mea-
sures, including total (Federal Trade Commission, FTC) 
nicotine, tar/nicotine ratio, or even measures of "smoke 
pH"." The successful correlation of "smoke pH" measure-
ments with differences among brands in consumer percep-
tion of sensory cues such as "impact", strength, and 
harshness, supports the view that these measures have had 
some utility in relative comparison of brands. Indeed, in each 
of these cases the details of what is being measured appear to 
be of secondary importance to the value of a consistent and 
reproducible measurement that reflects smokers' perceptions 
of the cigarette. 

In addition to percent free-base nicotine, the industry 
documents discuss the relevance of brand comparisons 
based on measurements of the delivery of total free-base 
nicotine. For example, in the 1980 B&W study cited 
above," two cigarette brands with different total nicotine 
deliveries were compared. These were Marlboro (1.15 mg) 
and Merit (0.64 mg). While Marlboro was reported to 
average 27.8% "free nicotine", Merit was reported to average 
50%. The total measured "free nicotine" deliveries were thus 
discussed as being essentially the same at --0.3 mg. The 
authors note: 

"In theory, a person smoking these cigarettes would not 
find an appreciable difference in the physiological 
satisfaction from either based on the amount of free 
nicotine delivered!"" 

This suggests that studies of the form of nicotine delivered 
may need to consider not only the percent free-base nicotine 
in the smoke, but also the total free-base nicotine delivered. 

"Low yield" cigarettes 
Some industry documents argue that the role of free-base 
nicotine may be of greatest significance in so-called "low 
yield" products. For example, industry documents make the 
point that the assumed relationship between "smoke pH" 
and free-base nicotine could be used to develop products with 
reduced tar and nicotine deliveries while maintaining 
adequate "impact" from the free-base nicotine delivery. A 
typical passage is: 
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"This suspected relationship between free nicotine con-
centration and smoke impact implies that we could create 
a[n] ultra-low tar cigarette that produces much more 
impact than its delivery would suggest. Therefore, it is 
recommended that this relationship be evaluated."' 

A Lorillard Tobacco Company (LTC) study in which free-
base nicotine was added directly to cigarette smoke was 
considered to be confirmation of this hypothesis: "Only a 
small addition of free nicotine was needed to provide the 
impact of a higher nicotine cigarette."" Internal results 
obtained for "low yield" brands are consistent with the view 
that such brands may compensate for reduced total nicotine 
delivery by maintaining a certain level of free-base nicotine 
delivery (fig 1, table 5). 

Further research needs suggested by the tobacco 
industry documents 
The industry documents considered here indicate that further 
independent laboratory research is needed to assess more 
accurately the differences that exist in nicotine delivery 
among different cigarette brands. Recent studies of commer-
cial cigarettes indicate the types of measurements of free-
base nicotine in PM phase smoke that can now be carried 
outs'" 

Studies of how free-base nicotine is delivered in the lower 
respiratory tract, with subsequent effect on the speed of 
nicotine delivery, are clearly needed. For example, some 
industry documents make reference to "chest impact", 
suggesting deposition of free-nicotine deeper in the respira-
tory tract than the pharynx. Thus, a 1978 LTC marketing 
document recommended: 

"...development of new flavors to help mask the lower 
chest impact of low T/N cigarettes, without necessarily 
revealing to the consumer the existence of the new 
flavor."'" 

However, direct measures of the site and rate of nicotine 
uptake are not available either in the open literature, or in the 
tobacco industry documents considered in this study. In an 
example for the latter case, while a 1990 PMTC study of 
cigarettes with similar total nicotine deliveries did note that 
"[higher levels of] the base produced enhanced electrophy-
siological and subjective responses"," it did not characterise 
the associated sensory effects (for example, "impact"), or the 
effects of site and rate of absorption, and only proposed 
additional study of the effects of chemical variables on 
"smoke pH". As summarised in a 1994 internal PMTC memo, 

"[A]n influence of smoke pH on nicotine kinetics in the 
lower respiratory tract cannot be excluded: pH-enhanced 
gas phase diffusion of nicotine to the mucosa might 
increase its uptake rate.',01

Another promising study area involves investigation of the 
differences among cigarettes in free-base nicotine delivery 
rates to the brain. For example, PMTC researchers argued 
internally for the importance of studying the electrophysio-
logical effects of differences in free-base nicotine delivery 
based on the pattern-reversal evoked potential.'" A 1988 
RJRTC study compared smokers' electroencephalogram 
(EEG) patterns before and after they smoked Winston or 
Marlboro cigarettes,'" and based on prior internal findings, 
hypothesised that the time course of nicotine delivery to the 
brain following each individual puff may differ between the 
two brands. To assess this possibility, company researchers 

What this paper adds 

Despite the widespread historical use of a variety of methods 
to measure differences in free-base nicotine delivery across 
cigarettes, more recent assertions by tobacco manufacturers 
deny the existence of meaningful brand differences. 

This study demonstrates that internal industry measures 
consistently reflect significant, measurable differences across 
brands, which mirror subjective smoker perceptions. These 
findings confirm the need to consider the role of smoke 
chemistry in determining exposure, including how free-base 
nicotine deliveries interact with other substances to influence 
cigarette addiction potential. 

■ 

proposed a separate study designed to measure EEG changes 
reflecting the time-course of the arrival of nicotine in the 
brain, but the study appears to have been suspended after 
further research.'" 

DISCUSSION 
The public release of internal tobacco industry documents has 
led to increasing sophistication by independent scientists in 
the characterisation of the design and function of tobacco 
products. One critical area of research is the role of smoke 
chemistry in determining the delivery, absorption, and effects 
of smoke constituents, especially harm producing or phar-
macologically active compounds. The adverse health effects 
of smoking are a function of the toxicity of smoke 
constituents, as well as the amount and duration of exposure 
to those toxins, in combination with individual differences in 
metabolism of toxic compounds and susceptibility. 
Conventional measurements of smoke delivery, such as ISO 
measures, have generally focused on "tar" or nicotine in 
smoke PM as collected from the Cambridge filter using 
standard machine smoking protocols. Recent findings sug-
gest that these measures fail to account for or describe 
important design-based differences in smoke chemistry, 
which may alter exposure or toxicological impact. 

Tobacco industry documents indicate that the major US 
tobacco manufacturers have routinely sought to measure 
the amounts of free-base nicotine delivered by their own as 
well as competing brands using a range of internal methods. 
Many of the documents make reference to specific, brand-
dependent free-base nicotine deliveries in units such as mg 
per cigarette. While those historic determinations are now 
understood to have been unreliable in absolute terms, they 
may nevertheless retain utility as relative measures of 
smoke alkalinity and free-base nicotine delivery. For exam-
ple, the differences observed among brands by these methods 
were found to correlate with differences in sensory percep-
tion and "impact" in a manner that appears to be best 
explained in terms of different relative free-base nicotine 
deliveries. 

Because of the enormous historic interest in "smoke pH" 
values that is made evident in the tobacco industry 
documents, public health researchers and governmental 
entities (for example, Texas, Massachusetts) have recently 
focused attention on "smoke pH" as a proxy to determine 
free-base nicotine delivery. For example, since 1997, 
Massachusetts has required "smoke pH" testing as a 
component of its nicotine disclosure regulations.'" This 
requirement has been the subject of industry criticisms, 
including the claim that the resulting measurements of 
"smoke pH" show only minor differences across brands, and 
that any differences in these "smoke pH" values are likely 
due to differences in methodologies across companies." 's 
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The public statements made by tobacco manufacturers are 
not consistent with decades of industry use of "smoke pH" 
and other methods to differentiate commercial brands 
according to smoke alkalinity. They are also not consistent 
with the recent determinations by Pankow et al and Watson 
et al." " Criticisms by Pankow and others, that "smoke pH" 
methods are not capable of providing absolute measures of 
free-base nicotine delivery,' " suggest that traditional 
"smoke pH" methods should be supplanted by more 
accurate approaches for measuring free-base nicotine deliv-
ery. This point is confirmed by observations made internally 
by tobacco manufacturers. The method of Pankow et al 
for measuring effective pH values of collected smoke PM 
samples holds promise in this regard' The Watson et al 
research from the Centers for Disease Control and Prevention 
laboratory is particularly important because it used sophis-
ticated techniques to measure directly the free base fraction 
of nicotine in cigarette smoke." These findings largely 
substantiated those of Pankow. Watson et al also found that 
the free base fraction increased in direct relation to increasing 
ventilation, consistent with the hypothesis that decreasing 
concentrations of smoke aerosol may result in an increasing 
fraction of nicotine "off gassing" in the unionized free-base 
form. 

The FTC has requested comments on its tobacco smoke 
testing methods and has asked the Secretary of Health and 
Human Services for guidance on how to improve the cur-
rent testing programme. The World Health Organization 
Framework Convention on Tobacco Control has also pro-
posed additional in-depth testing of tobacco products to 
provide more meaningful assessments as to the actual 
deliveries and exposure of nicotine and other substances.'"-
"° We conclude that government and public health agencies 
must seek to better understand the role of smoke chemistry 
in determining exposure, including how free-base nicotine 
deliveries interact with other substances to influence cigar-
ette addiction potential. One possible regulatory strategy 
would include the required disclosure by manufacturers of 
free-base nicotine deliveries for marketed brands. In addi-
tion, regulatory strategies targeting tobacco product depen-
dence could consider imposing limits on free base nicotine 
delivery. 

For the scientific community, areas requiring study 
include: (1) patterns of free-base nicotine deliveries among 
regular and low yield cigarettes; (2) correlation of free-base 
nicotine deliveries with market share; (3) differences in 
measurable effects of percent free-base nicotine versus total 
free-base nicotine delivery; and (4) effects of free-base 
nicotine delivery on addiction potential. The latter should 
include studies that measure: (a) "impact" response and 
sensory effects; (b) EEG and other studies that directly 
measure physiological effects; (c) the mechanisms and 
locations of free-base nicotine deposition in the respiratory 
tract; (d) uptake rates within the lung; and (e) delivery rates 
to the brain. 
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