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Objective: To investigate the use of blood levels of N-(2 cyanoethyl)valine (CEVal), a 
haemoglobin adduct of acrylonitrile, to assess lack of compliance with smoking cessation. 
Methods: We report CEVal concentrations and percentiles over time for 2 cessation groups, 
compliance was established using NNAL concentrations. CEVal half-life was estimated. 
Optimal thresholds were calculated based on receiver operating characteristics analysis. 
Results: At 180 days, among 67 participants in the continued smoking group and 159 
assigned to smoking cessation or sole THP use. CEVal half-life was estimated to be 
approximately 30 days and the optimal thresholds were for NNAL at 40 pg/mL and CEVal at 
35 pmol/g globin (81% sensitivity and specificity). Conclusions: A new generation of 
biomarkers of compliance is required, specific to the new generation of nicotine products. 
Methodological validation and standardisation could allow robust assessment of effects 
across clinical and observational studies while promoting comparability between studies. 
CEVal could play an important role as biomarker of compliance for smoking cessation and 
switching studies. 
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Cigarette smoking causes numerous human diseases including lung cancer, chronic 
obstructive pulmonary disease, and cardiovascular disease.1 The principal cause is inhalation 
exposure to a high number of smoke toxicants emitted when tobacco is combusted.1-3 In a 
review of tobacco harm reduction data, the Royal College of Physicians concluded that use of 
nicotine and tobacco products that support sustained displacement of combustible cigarette 
smoking can reduce smoking related harm by reducing and/or eliminating toxicant exposure.4 

Tobacco heating products (THPs) electronically warm tobacco to temperatures far 
below cigarettes (eg, 240ºC instead of 900ºC),5 releasing an aerosol which, for some 
products, has been shown to have substantially lower numbers and yields of toxicants than 
cigarette smoke.6-8 In a short-term switching study, among smokers who switched to a THP 
for 5 days in a confined setting, most of the biomarkers of exposure to tobacco smoke were 
reduced to levels similar to those seen in participants who refrained completely from using 
any tobacco products.9 

To assess long-term changes in exposure and risk, we have embarked on a 1-year THP 
switching study to assess biomarkers of exposure and biomarkers of potential harm in 
volunteers switching from combustible cigarettes to a THP branded as glo or smoking 
cessation.10 Although participants are encouraged to use glo exclusively, with most 
consumption taking place at home there is a risk of some degree of dual use or relapse to 
smoking, particularly given the study duration. In a 90-day THP switching study, self-
reporting and carbon monoxide breath tests indicated that 39 (49%) of 80 participants were 
not fully compliant with smoking abstinence.11 If undetected, non-compliance could 
underestimate changes in biomarker levels. 

Biochemical verification of tobacco use and abstinence is recommended where possible 
in clinical studies, but assessments are hindered by lack of specific, validated biomarkers for 
this purpose that can be detected long enough in humans to evaluate sustained tobacco use 
abstinence.12 The most obvious candidate biomarkers to assess compliance would be 
biomarkers of exposure to tobacco specific nitrosamines (TSNAs), due to their specificity to 
tobacco smoke exposure. For smoking cessation studies 4-(methylnitrosamino)-1-(3 pyridyl)-
1-butanol (NNAL) has been used to verify smoking abstinence.13 However, as THPs contain 
tobacco, their emissions contain TSNAs,6,14 albeit at much lower levels than in cigarette 
smoke.6 This makes biomarkers such as NNAL unsuitable for monitoring compliance. Half-
life of NNAL in urine is relatively short – around 10 days – and concentrations can be 
detectable for up to roughly 8 - 12 weeks after smoking cessation,15 which could limit its 
usability for longer term studies. Additionally, NNAL is often used as a primary endpoint in 
smoking related studies and this therefore prevents its use to assess compliance within those 
studies. 

We would like to suggest N-(2 cyanoethyl)valine (CEVal) in blood as a biomarker of 
long-term smoking-cessation compliance in participants using THPs. It is a haemoglobin 
(Hb) adduct of acrylonitrile, which is a major tobacco smoke constituent (mean estimated 
level 34 µg [range 19–50 µg] per cigarette)16 and secondhand smoke,17 but levels are 
negligible in THP vapour.6,14 CEVal can be detected for up to 120 days18 and has good 
specificity to smoking, with background concentrations of acrylonitrile associated with 
environmental exposure, including via occupational exposure, generally very low.19-23 
Therefore, CEVal should be an appropriate biomarker for differentiating smokers and dual 
users from exclusive users of THPs.  

In this manuscript we present our efforts to evaluate CEVal as biomarker of compliance 
to smoking cessation based on smokers who have quitted all tobacco products.9,10 The 
specificity and sensitivity of CEVal as biomarker of compliance is benchmarked against 
NNAL biomarker levels in the cessation group.  
 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 August 2021                   doi:10.20944/preprints202108.0085.v1

https://doi.org/10.20944/preprints202108.0085.v1


METHODS 
Study Design 

This analysis was performed in the participants of a randomised, multicentre, controlled 
clinical THP switching study.10 Eligible participants are healthy male and female current 
smokers or non-smokers aged 23–55 years, with a history of good general health and no 
clinically relevant abnormal findings on physical examination, vital signs assessment, 
electrocardiography, clinical laboratory evaluations or lung function tests. Participants who 
do not intend to quit smoking were randomized to continued combustible smoking or a 
commercially available glo THP. Participants with a high intent to quit smoking were 
assigned to the smoking cessation arm. The study also recruited never smokers as a control 
group. Full inclusion and exclusion criteria have been published.9,10  

Smokers were randomly assigned to continue smoking their usual brand of factory 
manufactured or roll-your-own cigarettes or switch completely to using the glo THP with 
non-menthol tobacco consumables or to tobacco abstinence.9,10 In this ancillary analysis we 
evaluate those participants in the cessation arm. 

All participants are informed that they are free to quit smoking and withdraw from the 
study at any time. Anyone who decides to quit smoking is directed to appropriate stop 
smoking services. Complete information about the design of this study has been published 
previously.9,10 
 
CEVal Analytical Method 

In the THP switching study, CEVal blood samples were collected from participants in 
ethylenediaminetetraacetic acid (EDTA) blood collection tubes at days 0, 30, 60, 90, and 180. 
Samples were analysed according to a previously described method with minor 
modifications.24,25 Briefly, globin was isolated from washed erythrocytes according to the 
protocol described by Schettgen et al.24 using 5 mL of the hemolysate. 100 mg of the isolated 
globin, accurately weighed, were suspended with 1.5 mL of formamide and vortexed until 
complete dissolution. After addition of 20 µL of the internal standard (d3-CEVal approx. 130 
pmol/g globin in formamide), 20 µL of 4M sodium hydroxide, the solution was mixed with 
25 µL of pentafluorophenylisothiocyanate and derivatized for 3 hours at 80 °C. After liquid-
liquid extraction with 8 mL of methyl-tert-butylether the organic phase was evaporated to 
dryness and reconstituted in 2 mL toluene and 2 mL of water. The organic phase was 
subsequently washed with 2 mL of 0.1 M sodium carbonate and evaporated to dryness. The 
residue was dissolved in 100 µL toluene and 1 µL were injected (splitless mode) into the GC-
MS/MS system (TQ8050, Shimadzu, Neufahrn, Germany). Chromatographic separation was 
achieved on an Rxi 5-ms column (30 m x 0.25 mm, 0.5 µm) (Restek, Bad Homburg, 
Germany) with helium as carrier gas (1.45 mL/min) and a temperature gradient starting at 
110 °C for 1 min, 25 °C/min to 205 °C, 5 °C/min to 240 °C and 30 °C/min to 300 °C. Mass 
spectrometric detection was performed after electron ionization in multiple-reaction 
monitoring mode (MRM) (335 m/z to 282 m/z). 

Method precision for both intra day and inter day was acceptable, with CV less than 
15%. Accuracy for all levels were within the acceptance ranges of 85 to 115%. The lower 
limit of quantification was estimated to be at 2.0 pmol/g globin. 
 
NNAL Analytical Method 

Measurements of total NNAL were taken at days 0, 30, 60, 90, and 180 by LC-MS/MS 
analysis after solid-phase extraction (SPE) according to Kavvadias et al.26 with minor 
modifications. Briefly, 8 mL of urine were incubated overnight with 40 µL β-glucuronidase 
(E.coli 155 U/µL) at pH 7.2 after addition of the internal standard (20 µL d3-NNAL; 25 
ng/mL in water) and subsequently purified by SPE according to Kavvadias et al.26 10 µL of 
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the final extract were injected into the LC-MS/MS. Chromatography was performed on an 
Acquity UPLC HSS T3 column (100x2.1 mm; 1.8 µm) (Waters, Eschborn, Germany) at 45 
°C with a flow rate of 0.6 mL/min. Gradient elution was accomplished using 0.1 % 
ammonium acetate in water (A) and 0.1 % ammonium acetate in acetonitrile (B) as follows: 
0–1 min: 90 % A, 1-2 min: 90-50 % A, 2-4 min: 50 % A, 4.1 min: 90 % A, 7 min: 90 % A. 
Positive electrospray ionization was applied and the MS/MS system was run in MRM using 
the mass transitions as published.26 
 
Statistical Analysis 

This analysis included participants in the THP switching study who had data available 
to 180 days.27 Demographics data reported are: age; sex; and race. Summary statistics are 
presented for blood CEVal concentrations at baseline, including number of observations, 
mean, standard deviation, range, and percentiles.  

Change in CEVal over time was summarised for each time-point as mean, standard 
deviation, range, and number of observations. 

CEVal percentiles over time were estimated using robust quantile regression with log-
transformed CEVal as the dependent variable and time in days since study onset as an 
explanatory variable. Quantile confidence intervals were calculated using the rank method28 
and the upper 95% confidence limits are presented.  

The 5th, 10th, 25th, 50th, 75th, 90th and 95th percentiles of the CEVal concentrations 
at days 0, 30, 60, 90 and 180 were estimated for participants with confirmed smoking 
cessation using NNAL biomarker levels. We used 2 thresholds as criteria for smoking 
cessation compliance. First, we used concentrations below the limit of quantification (<LoQ). 
As concentrations <10 pg/mL of NNAL have also been shown to discriminate between 
smokers and non-smokers exposed to background levels of NNAL (ie, secondhand smoke),29-

31 we also set the criterion of NNAL concentrations <LoQ or <10 pg/mL NNAL, whichever 
was highest. CEVal estimates are calculated based on concentration values up to the last day 
of recorded compliance according to NNAL thresholds. 

CEVal half-life was calculated using a repeated measures model in the log-transformed 
CEVal data complying with NNAL <LoQ or <10 pg/mL (whichever highest) with time as 
independent variable. 

A confusion matrix was created to assess classifications based on the 2 NNAL criteria. 
The CEVal threshold to discriminate between smokers and non-smokers was set at 35 pmol/g 
globin which is a conservative threshold to account for potential occupational or 
environmental exposure.32,33 To create the confusion matrix, the last observation for each 
participant at either day 60, 90 or 180 was used, adding to a total of 135 observations. 

Based on a receiver operation characteristics (ROC) analysis, optimal thresholds for 
NNAL were calculated to minimize the difference between sensitivity and specificity 
considering NNAL compliance boundaries at 10, 25 and 40 pg/mL.12 

All analyses were performed with SAS version 9.4, SAS Institute, Cary, US. 
 
RESULTS 

At the time of this analysis, 226 participants were enrolled in the THP switching study 
and had data reported up to day 180. Of these, 67 were in the continued smoking group and 
159 were in the cessation groups. Characteristics of participants in this analysis were well 
matched across study groups (Table 1). At baseline, overall CEVal concentrations in the 
continued smoking and smoking cessation groups were similar although, by percentile, 
values were slightly lower in the cessation group up to the 90th percentile (Table 2).  
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Table 1: Baseline Characteristics of Participants in the Tobacco Heating Product 1-Year 
Switching Study Who Continued Smoking or With Confirmed Cessation 

Group 
No.  

partici-
pants 

Age (years) Sex Race 

Mean SD Min Max Male Female White Black Asian Other 

Continued 
smoking 

67 36.9 9.87 23 55 59.7% 40.3% 88.1% 4.5% 6.0% 1.5% 

Cessation 159 38 8.99 23 55 59.1% 40.9% 90.6% 2.5% 2.5% 4.4% 
Cessation 

compliant (NNAL 
<LoD) 

54 38 8.99 24 55 63.0% 37.0% 85.2% 3.7% 3.7% 7.4% 

Cessation 
compliant (NNAL 

<LoD or <10 
pg/mL) 

83 37 8.84 23 55 58.0% 42.0% 89.2% 2.4% 2.4% 6.0% 

Abbreviations: LoD, limit of detection; max, maximum; min, minimum; NNAL, 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanol; SD, standard deviation. 

Table 2: CEVal Percentiles at Baseline by Study Group and NNAL Criterion for 
Cessation 

Group 
CEVal concentration (pmol/g 

globin)  
Percentile (pmol/g globin)  

Mean SD Min Max 5th 10th 25th 50th 75th 90th 95th 
Continued smoking (n = 67) 128 57.6 35 279 41 63 85 125 169 214 245 
Cessation group (n = 159) 127 67.0 4 384 31 48 78 122 162 213 253 

Cessation compliant 
(NNAL <LoD; n = 54) 

101 67.5 13 306 14 32 57 89 124 177 253 

Cessation compliant 
(NNAL <LoD or <10 

pg/mL; n = 83) 
108 63.4 4 306 24 38 58 99 140 180 245 

Abbreviations: CEVal, N-(2 cyanoethyl)valine; Hb, haemoglobin; LoD, limit of detection; NNAL, 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanol. According to the NNAL<LoD criterion: 4 participants were 
compliant at Day 30, 8 at Day 60, 17 at Day 90 and 25 at Day 180. Using the whichever is higher (NNAL 
<LoD or <10 pg/mL) criterion, 5 participants were compliant at Day 30, 8 at Day 60, 30 at Day 90 and 40 at 
Day 180. 

Of 159 participants in the smoking cessation group, NNAL <LoQ data were available 
from 223 observations across all 5 timepoints and 54 (34%) participants were deemed to be 
compliant for 2 or more study timepoints. Based on NNAL <LoQ criterion, 4 participants 
were compliant at Day 30, 8 at Day 60, 17 at Day 90 and 25 at Day 180. For the NNAL 
<LoQ or <10pg/mL criterion, 351 observations were available and 83 (52%) participants 
were categorised as being complaint. Based on this last criterion, 5 participants were 
compliant at Day 30, 8 at Day 60, 30 at Day 90 and 40 at Day 180. Descriptive statistics and 
percentiles for CEVal concentrations at baseline for the continued smoking arm and for the 
cessation group verified according to each NNAL criterion are displayed in Table 2, showing 
comparable values at baseline across groups. 

The average half-life for CEVal was estimated at approximately 30 days from cessation 
(30.37). Our results suggest similar level of CEVal concentrations across time independently 
of the NNAL based classification approach. Both quantile regressions point to 95% of 
participants reaching day 180 with CEVal concentrations below 25 pmol/g globin and with 
point estimates for the 90th percentile 3-7 pmol/g globin. However, it is worth noting that the 
confidence limits of the CEVal estimates widen towards the data boundaries, indicating 
increased uncertainty and emphasising already wide confidence intervals. The upper bounds 
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in the 95th percentile could be as high as 179 pmol/g globin or 77 pmol/g globin dependent 
on the NNAL criterion used (Table 3). 

Table 3: Estimated Blood CEVal Concentration Percentiles by Smoking Cessation 
Compliance Criterion and Timepoint 

CEVal  
(pmol/g globin) 

Days since smoking cessation NNAL <LoQ 
criterion (N=54) 

Days since smoking cessation NNAL <LoQ or 
<10pg/mL criterion (N=83) 

 Time-point 30 60 90 180 30 60 90 180 
n 52 50 42 25 80 78 70 40 

mean 70.6 38.4 14.8 <LoQ 74.0 38.5 15.5 <LoQ 
SD 48.7 27.9 14.5 24.5 44.9 25.4 14.7 23.3 

max 217.6 129.6 88.3 121.4 217.6 121.6 88.3 121.4 
min <LoQ <LoQ <LoQ <LoQ <LoQ <LoQ <LoQ <LoQ 

95th Percentile 169 (355) 116 (309) 79 (270) 25 (179) 161 (214) 110 (174) 76 (142) 24 (77) 
90th Percentile 117 (236) 55 (174) 26 (129) 3 (52) 117 (183) 67 (133) 38 (96) 7 (36) 
75th Percentile 80 (107) 38 (55) 18 (28) 2 (4) 86 (107) 43 (57) 22 (31) 3 (5) 
50th Percentile 53 (67) 25 (34) 12 (17) <LoQ 59 (71) 27 (35) 12 (18) <LoQ 
25th Percentile 33 (44) 16 (21) 7 (11) <LoQ 35 (44) 16 (21) 7 (10) <LoQ 
10th Percentile 20 (28) 10 (14) 5 (7)  <LoQ 24 (28) 11 (14) 5 (7) <LoQ 
5th Percentile 11 (18) 6 (11) 3 (6) <LoQ 16 (21) 8 (11) 4 (6) <LoQ 

Percentiles values presented are estimates of blood CEVal from quantile regressionand upper 95% confidence 
limits in parenthesis. NNAL, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol. LoQ, limit of quantification. Ceval 
LoQ = 2 pmol/g globin. According to the NNAL<LoD criterion: 4 participants were compliant at Day 30, 8 
at Day 60, 17 at Day 90 and 25 at Day 180. Using the whichever is higher (NNAL <LoD or <10 pg/mL) 
criterion, 5 participants were compliant at Day 30, 8 at Day 60, 30 at Day 90 and 40 at Day 180. 
Abbreviations: CEVal, N-(2 cyanoethyl)valine; LoD, limit of detection; LoQ, limit of quantification; SD, 
Standard deviation.  

Classification matrix based on CEVal and NNAL suggest good sensitivity for non-
compliant volunteers with more than 95% of observations classified as non-compliant by 
CEVal also being classified as non-compliant using NNAL (Table 4). However, specificity 
was significantly lower, with only 32.6% of volunteers classified as compliant using the 
CEVal method also classified as complaint using NNAL <LoQ criterion. Specificity 
marginally improves to 51.7% when the 10 pg/mL threshold is applied (Table 4). In fact, 
optimal cutpoint from ROC analyses suggest that, for a threshold of 10 pg/mL for NNAL, 
according to a difference optimisation criterion, a limit at 5.2 pmol/g globin for CEVal offers 
optimal threshold at approximately 71% sensitivity and specificity. Increasing the thresholds 
for NNAL provide higher agreement. With NNAL at 25pg/mL the ROC analysis suggest 
14.3 pmol/g globin as optimal threshold for CEVal with 74% sensitivity and specificity.With 
NNAL at 40pg/mL the optimal threshold for CEVal would be 35.2 pmol/g globin and 81% 
sensitivity and specificity (Table 5). 

 
  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 August 2021                   doi:10.20944/preprints202108.0085.v1

https://doi.org/10.20944/preprints202108.0085.v1


Table 4: Confusion Matrix 

Criterion 

CEVal<35 pmol/g globin 
Non-Compliant Compliant 

Number (Col% / 
Row%) 

Mean SD Min Max 
Number (Col % / 

Row %) 
Mean SD Min Max 

NNAL <LoQ 
Non-compliant           

CEVal (pmol/g globin) 
45 (97.8% / 42.9%) 

115 59.3 35 261 
60 (67.4% / 57.1%) 

7.6 9.2 <LoQ 33.7 
NNAL (pg/mL) 101 125 7.5 669 20.9 13.3 2.8 53.8 

Compliant           
CEVal (pmol/g globin) 

1 (2.2% / 3.3%) 
- - 121 121 

29 (32.6% / 96.7%) 
3.8 6.2 <LoQ 25.1 

NNAL (pg/mL) - - <LoQ <LoQ <LoQ 6.3 <LoQ 16 
NNAL <LoQ or <10 pg/mL  

Non-compliant           
CEVal (pmol/g globin) 

44 (95.7% / 50.6%) 
116 59.9 35 261 

43 (43.3% / 49.4%) 
8.2 9.7 <LoQ 33.7 

NNAL (pg/mL) 103 125.9 10.3 669 27 10.6 11.7 53.8 
Compliant           

CEVal (pmol/g globin) 
2 (4.3% / 4.2%) 

104 25.0 86 121 
46 (51.7% / 95.8%) 

4.6 6.8 <LoQ 25.1 
NNAL (pg/mL) <LoQ 5.3 <LoQ 7.5 <LoQ 5.2 <LoQ 16 

Classifications of based on CEVal 35 pmol/g globin. Threshold and the 2 NNAL criteria for the last observation 
of each volunteer reaching at least day 60. Mean, SD, min and max are descriptive of CEVal in pmol/g globin. 
CEVal LoQ = 2 pmol/g globin. According to the NNAL <LoD criterion: 4 participants were compliant at Day 
30, 8 at Day 60, 17 at Day 90 and 25 at Day 180. Using the whichever is higher (NNAL <LoD or <10 pg/mL) 
criterion, 5 participants were compliant at Day 30, 8 at Day 60, 30 at Day 90 and 40 at Day 180. 
Abbreviations: CEVal, N-(2 cyanoethyl)valine; Col, column; LoD, limit of detection; LoQ, limit of quantification; 
Max, maximum; Min, minimum; NNAL, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol; SD, standard deviation. 

Table 5: Optimal Cut-Offs Based on ROC Analysis 

NNAL Compliance 
thresholds 

Sensitivity (%) Specificity (%) Optimal CEVal cut-off (pmol/g globin) 

10 pg/mL 70.8 71.2 5.2 
25 pg/mL 74.1 74.1 14.3 
40 pg/mL 80.8 80.6 35.2 

Optimal cut-off based on NNAL thresholds extracted from literature12 and according to minimal difference 
criteria. Abbreviations: CEVal, N-(2 cyanoethyl)valine; NNAL, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol; 
ROC, receiver operation characteristics. 

 
Discussion 

Studies in which participants switch from smoking combustible cigarettes to using 
novel tobacco and/or nicotine products are important for determining potential changes in 
risks arising from reduced exposure associated with switching. These types of assessments 
have become common for e-cigarettes and THPs, indicating reductions in biomarkers of 
exposure and of biological effect following product switching.9,11,34 However, compared with 
confinement studies where adherence to the study protocol is strictly enforced, compliance in 
even short ambulatory studies is not typical.11 To gain robust information on the effects of 
switching in real-world settings, long-term ambulatory studies are necessary. 
Non-compliance, therefore, needs to be accounted for in data analyses to avoid 
underestimating any effects of switching or smoking cessation.  

Participants in switching studies might be wary about reporting non-compliance due to 
the risk of being removed from the study or simply because of feeling embarrassed that they 
have not succeeded in completely quitting smoking. Therefore, biochemical verification of 
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compliance is needed to assess adherence to the study protocol.12 Cotinine in urine or saliva 
is often used to assess lack of compliance in smoking cessation studies, however, they can 
only be detected for few hours after nicotine exposure12 and clearly they are not useful in the 
context of nicotine products switching studies. Exhaled CO is another marker used in this 
context, however, like cotinine, its effectiveness for detecting lack of compliance is limited 
due to its short lifetime.12 NNAL in urine has been suggested as a strong candidate to assess 
sustained cessation and product switching to those nicotine products which don’t contain 
cured tobacco, more specifically TSNAs, products such NRTs, or e-cigarettes. However, 
many of these studies use NNAL as an efficacy endpoint for its specificity as biomarker of 
exposure and its association to lung cancer which prevents its use as compliance marker.35 
Neither is useful to assess switching to THPs as these still contain nitrosamines.6 Another 
potential biomarker of compliance is 2-cyanoethylmercapturic acid (CEMA).36 Like CEVal, 
it is also a biomarker of acrylonitrile exposure and acrolein but this is often used as an 
efficacy endpoint in tobacco aerosol exposure studies and has a short elimination half-life of 
8 hours,37 which prevents its use for long or even mid-term compliance assessment. 

Given the limitations of current biomarkers used to assess compliance or lack of 
compliance, development of new biomarkers is essential to enable appropriate assessment of 
effects and cessation in an increasingly complex nicotine product use landscape. The 
abundance of acrylonitrile in cigarette smoke16 and the extremely low levels in emissions 
from THPs6,14 gives CEVal a high degree of specificity for smoking cessation in THP 
users.23,32 Furthermore, it has the potential to show differences between various levels of 
cigarette smoke exposure23,38 and is steadily reversible upon smoking cessation.38 While it 
would be beneficial to have a measure that gives immediate results for participant compliance 
(eg, a urine or saliva dipstick test), none is currently available. Nevertheless, as shown in this 
analysis, percentiles could provide valuable guidance about the trajectory of non-compliance 
in long-term THP switching studies while results are awaited. Of note, all the percentile 
estimates used in this analysis are conservative, as some participants in the cessation group 
reported low levels of smoking in the first 30 days of the study. 

We used CEVal to evaluate lack of compliance in our clinical study assessing 
biomarker changes in volunteers switching from smoking to a THP for up to 1 year. Based on 
literature we selected a threshold of 35 pmol/g globin, above which we considered indicated 
lack of compliance after 180 days of THP product use.27,32,33 This threshold is likely to be 
conservative as point estimates from quantile regression suggest 95% of concentrations at day 
180 were below 25 pmol/g globin and an estimated average half-life of 30 days. Therefore, 
we expect to see very low levels of CEVal at the end of the THP switching study, in line with 
levels of <4 pmol/g globin for most non-smokers and a mean level of 4.9 ± 1.9 pmol/g globin 
reported by Pérez et al.38 

Our priority in this study was identification of lack of compliance (ie, sensitivity 
detecting smoking volunteers) while retaining those with potentially a slower metabolism or 
with low level of dual use which potentially could lead to exclusive use of the THP product 
in the last 6 months of the study. The threshold at 35 pmol/g globin suited this purpose as 
more of 95% of volunteers were also identified as smokers by either of the NNAL 
classification criteria. These patterns appear to be in agreement with reports of biomarkers at 
population levels indicating high sensitivity to identify lack of compliance but lower 
specificity, with approximately 20% of participants classified as ‘daily dual users’ and 
‘predominant smokers’ yielding low concentrations of both NNAL and CEMA.39 Threshold 
favouring sensitivity may have compromised the specificity of the assessment, however, it is 
important to highlight that there is no reason to think that excretion kinetics for NNAL and 
CEVAL should behave similarly among volunteers, due to metabolic differences and the 
variety of brands and differences in consumption at baseline. In a study where all participants 
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were smoking the same control cigarettes, it was shown that consumption alone was 
insufficient to explain differences in CEVal between participants, additional variability would 
be introduced by other uncontrolled variables.18 Certainly, this relationship with consumption 
was not as strong as reported by Bergmark and colleagues.32 Misclassified observations based 
on CEVal have a mean concentration for NNAL well below those classified as not being 
complaint (20.9 pg/mL vs. 101 pg/mL) which could be indicative of reduction in 
consumption or dual use or simply suggest that perhaps NNAL could be more sensitive to 
sporadic cigarette consumption. 

Our ROC analyses show that optimal thresholds, based of difference between 
sensitivity and specificity, could improve for NNAL threshold at 40 pg/mL and CEVal 35 
pmol/g globin reaching 81% sensitivity and specificity for this dataset. However, depending 
on specific study goals, percentiles of CEVal across time could be selected to enhance 
classification across time. In support of our estimates Schettgen et al40 reported a median 
CEVal concentration in smokers of 109 pmol/g globin and a 95th percentile of 238 pmol/g 
globin (range 7–256 pmol/g globin). In 2 small studies the mean CEVal level in 14 smokers 
was 86.2 (range of 8.3–178) pmol/g globin in one38 and, in the other, the median in 16 
smokers was 130 (range of 37–331) pmol/g globin.33 We found one study with estimated 
CEVal concentrations higher than ours (mean 252 ± 22 pmol/g globin in 18 smokers smoking 
one pack of cigarettes per day),41 but the type of cigarettes smoked was not reported, which 
could explain the difference in the estimates. 

Our approach is subject to some limitations. Firstly, although this is probably the 
largest study to date assessing CEVal concentrations over time, the sample size is still small 
to appropriately characterise different populations and products. Secondly, controlled studies 
would be required to assess the relationship between consumption and product type and 
CEVal concentrations, as well as gaining further understanding of the effect of sporadic 
smoking in relation to the time of sample collection. Predictability of CEVal might be 
improved by using more complex modelling or machine learning techniques incorporating 
demographic factors, consumption and even perhaps a combination of several biomarkers to 
enhance classification accuracy. 

 
IMPLICATIONS FOR TOBACCO REGULATION 

Self-reported compliance in smoking cessation and switching studies can be highly 
unreliable. Biomarkers of compliance may prove to be useful tools to verify nicotine product 
use status in clinical and observational studies. However, currently available biomarkers of 
compliance may not be suitable to assess changes over longer periods of time than a few days 
or to clearly differentiate smoking from some nicotine product categories like THPs.  

A new generation of biomarkers of compliance is required, specific to the new 
generation of nicotine products. Methodological validation and standardisation could allow 
robust assessment of effects across clinical and observational studies while promoting 
comparability between studies. Highly accurate biomarkers of compliance would aid both 
product manufactures and regulatory agencies to dissociate product effects from misreported 
product use.  

We have presented CEVal as a potential candidate biomarker of compliance which, due 
to its relatively long half-life and specificity to tobacco smoke, could be useful to assess 
sustained smoking cessation or switching to alternative products. A greater effort from all 
parties involved is required to validate the use of this and other biomarkers and establishing 
protocols for their use. 
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