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Highlights 

 Almost all pupil parameters are reliable indicators for the detection of 

acute effects of cannabis  

 Long-term effects on the pupil light reflex can be appreciated especially in 

THC “heavy users”. 

 Infrared pupillography represents a standardized and objective method for 

measuring the pupil function and assessing the influence of substances 

acting on the CNS 

 

 

Abstract 

Driving under the influence of alcohol (DUIA) and drugs (DUID) is considered an 

elevated risk for traffic safety. When assessing a driver´s fitness to drive, standardized and 
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objective masurement methods are still required, in order to clarify the question 

whether an individual is under the influence of substances acting on the central nervous 

system (CNS). We exposed healthy test subjects (n=41) as well as persons who were under 

the influence of cannabis after repeated inhalation to multiple light 

stimuli using infrared technology and measured the pupillary light reflex (PLR). 

Toxicological tests of blood samples taken from every subject followed. The aims of this 

study were to assess the differences in pupillography response between cannabis 

consumers after a washout period and no cannabis consumers as well as the doserelated 

effects on pupillography parameters of cannabis in cannabis consumers. All four pupillary 

parameters changed according to a weakened pupil function after acute administration of 

cannabis in all test subjects. Furthermore, it could be observed that habitual cannabis 

consumers showed an altered pupillary function just before the first dose was taken, 

suggesting that the long-term effects and addiction also have to be taken into account, 

when effects of the CNS are discussed. The results of the present study show that almost 

all pupil parameters could be reliable indicators for the detection of subjects under the 

acute effect of cannabis. 

 

 

Introduction 

Since 2006 an US/European international study about the onsite oral fluid (saliva) drug 

testing devices has shown that no device is reliable enough in order to be recommended for 

roadside screening of drivers [1]. Standard neurological tests for gross motor coordination 

such as the observation of gait or one-leg stand, the ability to walk in a straight line or 

finger-to-nose or the examination of the pupillary light reflex using a halogen penlight are 
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not reliable to determine if a driver is under the influence of alcohol and/or drugs because 

too much subjective. In fact, driving under the influence of alcohol (DUIA) and drugs 

(DUID) is worldwide considered an elevated risk for traffic safety and a crime [2]. In 

Germany for example, like in other European countries, the legal requirements for 

assessing a driver’s fitness to drive are so far set out in national Road Traffic Regulations 

[3]. Therefore, during a routine traffic control as well as a medical examination assessing 

fitness to drive it is necessary to establish a method that helps to clarify the question 

whether an individual is under the influence of substances acting on the central nervous 

system (CNS).  

Several studies have already demonstrated the applicability of the non-invasive infrared 

pupillography as an objective measurement method to indicate the possible influence of 

drugs on CNS [4]. Various pupil function parameters (latency time, velocity of contraction, 

relative amplitude, reaction time) can change significantly between healthy individuals and 

subjects under the influence of drugs or medications. Based on previous results [5, 6], the 

pupil examination by infrared pupillography can assess the neurological status of such 

individuals who warrant further clinical examination, including blood testing. The effects 

on pupil function by several illicit and prescription drugs have been already studied among 

which opiates (like methadone, morphine, codeine), benzodiazepines (like diazepam, 

flunitrazepam, oxazepam), cocaine and cannabinoids (THC) [5, 6]. However, the correct 

interpretation of parameters is not an easy task due to a partially large range of variation of 

corresponding parameters from individual to individual also according to an un-

satisfactory definition of a “normal” pupil. The discriminatory power of pupil parameters 

also needs to be better investigated in order to improve the reliability of the method.  
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The present study focuses on cannabis consumers. In fact, after alcohol, 

tetrahydrocannabinol (THC) is the most used substance among injured drivers [7]. 

Cannabis can produce psychoactive effects and impair psychomotor performance in a wide 

of operative tasks, such as motor coordination, individual’s equilibrium, perception, and 

attention as long as 24h after smoking [8]. Chronic health effects of cannabis are well-

known [9] including dependence syndrome, which could affect daily life functions and 

impairment of cognitive functions (such as learning, memory, problem solving, etc.). 

Acute subjective effects can reduce the speed of visual or auditory stimuli (often referred 

to as reaction time) increasing the risk of motor vehicle accidents [10, 11]. However, 

previous studies on cannabis-related effects on simulated driving performances did 

regularly not show relevant impairments of motor behavior, and it is only an assumption 

that documented deficits are related to attention or perception [12, 13].  

Concentrations of 7–10 ng/ml THC in serum are thought to evoke comparable impairments 

to 0.5 g/kg blood alcohol concentration (BAC), which is the legal limit provided by most 

of the European Road Traffic Regulations. Therefore, THC serum concentrations below 10 

ng/ml should not increase the risk of a traffic accident [14], while THC consumption in 

doses up to 300 μg per kilogram body weight can be considered to cause relevant cognitive 

and psychomotor impairments comparable to 0.5 g/l BAC [15]. In our opinion these 

considerations have to be interpreted critically. In a recent study [16] a defined THC 

concentration that leads to an inability to ride a bicycle could not be determined. In fact, 

estimates of risk are hard to obtain due to the rapid decline of THC concentrations in blood 

[16]. Also for this reason, in several European countries, every case needs to be treated 

individually because of cutoff values for the absolute impairment to drive are not available 

for most of the common illicit drugs other than alcohol [17]. 
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Acute influence of cannabis on operative tasks of the individual can be assessed by the 

cannabis influence factor (CIF) and a CIF of 10 was proposed as a threshold for a driving 

impairment [18]. However, when using the CIF, it must be kept in mind that the formula to 

calculate the CIF might significantly disadvantage one-time consumers and treat regular 

consumers preferentially [16].  

The aims of this study were to assess: a) the differences in pupillography response between 

cannabis consumers after a washout period and no cannabis consumers and b) the dose-

related effects on pupillography parameters of cannabis in cannabis consumers. 

To evaluate the cannabis effects on the ability in driving, infrared pupillography was 

performed in individuals before and after inhalative consumption of cannabis.  

 

 

Material and methods 

Study population 

The individuals included in the study were divided into two groups on the basis of 

cannabis consumption: habitual cannabis consumer (CC, n = 14) and no cannabis 

consumers as control group (Ctr, n = 41). Because of the pupil’s physiology depends on 

different factors, the two groups were matched for age and gender. The 55 subjects 

included in CC and Ctr groups were part of the study population of 115 individuals 

recruited in previous studies [4, 5, 16]. In particular, the 14 subjects representing the CC 

group were part of 74 persons participating in a drug substitution program [4, 5, 16]. The 

trial was approved by the ethics committee of the University of Dusseldorf (study number: 

4583R), and it was referred to all the study population. 
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Individuals with a history of regular cannabis use were recruited in the CC group and also 

asked to answer about their medical and psychiatric history, drug use history, current 

medications, frequency and extent of cannabis use and the time of their last use of the drug. 

Inclusion criteria were healthy condition (including health certificate) and a history of 

regular consumption of cannabis (at least twice per month). Exclusion criteria were: 

pregnancy, disorders of the eye or the central nervous system, other acute diseases, history 

of significant cardiovascular, pulmonary, or psychiatric disorders, history of other drug 

abuse or positive urine screening other than cannabis, intake of psychoactive medication, 

rare consumption of cannabis use. 

Individuals with negative blood screening test for THC and most common drug of abuse 

were included in the study as Ctr group.  

 

Toxicological analysis 

All toxicological analyses were carried out by using fully validated gas 

chromatography/mass spectrometry (GC/MS) methods according to the current German 

forensic guidelines [19]. The proceedings of the toxicological analysis are described in 

detail by Hartung et al, 2016 [16].   

In CC and Ctr, no subjects with central nervous system disorders, psychiatric or 

ophthalmological diseases were included. 

The Cannabis Influence Factor (CIF) was calculated as molar blood [THC] + [11-OH-

THC] divided by [THCCOOH] according to previous studies [20, 21].  

 

Informed Consent 
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At the admission, all participants were evaluated for age, body mass index (BMI), the time 

of the last use of cannabis. Informed consent was obtained from all participants. All 

cannabis consuming test persons gave their written consent to participate in the study on 

the day of testing after explicit information about the procedure. 

 

Cannabis consumption 

The cannabis consumption was standardized according to methods for clinical research 

involving cannabis administration [22]. Participants in the CC group were invited to smoke 

a non-tobacco cigarette. Each joint contained 300 μg of THC per kilogram of body weight. 

The test persons were instructed to consume the joints in the following way: 4-s inhalation, 

10-s holding breath, and 15-s exhalation. A maximum of three joints could be consumed. 

Cannabis was imported for the trial (import authorization no. E5304/2014) with the 

allowance from the German Federal Opium Agency, an authorized import agency of the 

Dutch medical cannabis flos (22% dronabinol, <1% cannabidiol) from Bedrocan, 

Netherlands (Cannabis flos: Bedrocan, 22 % dronabinol, <1.0 % cannabidiol; supplier: 

Dutch Ministry of Health,Welfare and Sport, Office of Medicinal Cannabis, P.O. Box 

16114, NL-2500 BC The Hague). 

Acute adverse effects of cannabis administration such as the tachycardia, orthostatic 

hypotension, pulmonary irritation, motor incoordination, cognitive impairment, anxiety, 

paranoia, psychosis, have been evaluated. 

 

Pupillography 

The infrared pupillography was applied in the study as described in previous articles [4 - 

6]. The measurements were taken using a developed version of the previous described 
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puillograph, the F2D2 (AMTech/Dossenheim, Germany) - a portable device, which is 

more suitable to be used during routine police check-points.  

The device measures the horizontal pupil diameter using a two dimensional camera and 

determines the diameter of the pupil with a resolution of 0.02 mm at a measuring 

frequency of 25 Hz over a period of 2s on the basis of the different reflexivity of the iris 

and pupil. 

The eye is continuously and diffusely illuminated with two infrared diodes in order to not 

induce pupillary light reflex (PLR) and to magnify the pupil,  

The duration of the stimulus can be freely selected between 0.1 and 0.2 seconds and it was 

set up at 200 ms. The brightness of the stimulus can also be freely selected between 254 

and 1. The luminous intensity values have no unit of measurement and range between ~ 

0.22 and 56 lux measured at the vertex of the cornea. 

For our investigation we chose 60 and 254 PLR values on the basis of the previous 

research studies. It can be seen that the major differences between the study groups are 

more apparent when the parameters are detected at these luminance values [5, 6]. Once the 

measurement has been taken, pupil movement is shown in graphic form on the connected 

laptop. At the same time, special software breaks down the pupil reaction into various 

parameters according to predetermined measurement points and intervals. On the monitor, 

the tester gains a first impression of the pupil and its ability to react and can also read off 

the parameters calculated in the respective window.  

The research study for the CC group included a baseline (T1) recording consisting of 

pupillographic analysis and drug blood test with evaluation of the main active THC 

metabolites along with 11-OH-THC and the main secondary metabolite THC-COOH, 

repeated four times at 2 (T2), 4 (T3), 6 (T4) and 8 (T5) hours from baseline. The CC group 
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assumed cannabis at T2, T3, and T4. The drug blood test and the pupillographic analysis 

were performed 20 minutes after the assumption. At T5 no cannabis was administrated but 

only drug blood test and pupillographic analysis were performed. 

The Ctr group underwent to drug blood test and pupillographic analysis only at baseline.  

 

Statistical analysis 

At each step, data were compared between and within groups by using Student’s t-test for 

continuous variables, and χ2 for categorical variables. All data were analysed by Statistical 

Package for Social Science (SPSS) version 23.0 (SPSS, Inc, Chicago, IL, USA). Statistical 

significance after Bonferroni correction was accepted at p value <0.05. A multivariate 

analysis was performed when appropriate. The results were visualized using categorized 

whisker plots with a confidence interval of 95%. 

 

Results 

Study population 

Twelve men (85.7%), and 2 women (14.3%), were included in the CC group with a mean 

age of 26.213.93 years (range 21-33). The Ctrl was represented by 41 healthy individuals 

(35 men, 85.4%; and 6 women, 14.6%), with a mean age of 28.122.98 years (range 22-

30). No differences were found in age and gender distribution between the groups 

(p=0.063 and p=0.975, respectively).  

In the CC group the regularly consumed amount of cannabis varied between approximately 

1 g per week and 1 g per day. 

 

Chemical toxicological results 
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All the blood samples from the Ctr were negative (i.e. no substances were detected that 

affect the CNS) and all breath alcohol testing and urine samples from the CC were 

negative (except THC and metabolites) at the beginning of the trail. 

Serum concentrations of THC, 11-OH-THC, and THCCOOH of fourteen test persons and 

related CIF are reported in Hartung et al, 2016 [16].  For the chemical toxicological 

analysis the following calibration ranges were applied: THC = 0,3–50 ng/ml, 11-OH-

THC= 0,3–50 ng/ml, THC-COOH= 1–200 ng/ml. Values above the calibration ranges 

were obtained by diluted serum analyses; asterisks (*) indicate cannabis consumption 

immediately before; Time (min) means the period of time between the start of the cannabis 

consumption and the draw of blood. 

The test persons’ initial THC concentrations in serum (before smoking cannabis) varied 

between <LOD and 9.4 ng/ml. The initial THC-COOH concentrations ranged from 3.6 to 

279 ng/ml. After the consumption of the joints, THC concentrations of up to 117 ng/ml 

were measured. Several test persons arrived with THC concentrations that indicated an 

acute or subacute influence of cannabis, e.g., test persons 1, 12 and 13. Immediately after 

smoking the cannabis cigarettes, the CIF regularly rose above 30. 

Despite negative urine screening tests during the initial examinations, the follow-up 

examinations revealed the intake of amphetamines and/or MDMA of four test subjects. 

The test subjects did not show signs of an acute influence of these substances at the 

beginning of the trials. But only two out of the four subjects with amphetamine/MDMA 

addiction had amphetamine concentrations that were considered to be no longer effective. 

 

Pupillographic results 
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All examined parameters at baseline showed significant differences between CC and Ctr, 

as shown in Figure 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Infrared pupillographic parameters: comparison between cannabis consumer (CC) and control 

group (Ctr) at baseline. A) the velocity of contraction; B) the latency time; C) the relative amplitude; D) the 

reaction time. 

 

The velocity of contraction after light stimulus at baseline in the CC group 

(3.96±0.50mm/s) was significantly lower (p = 0.0001) than the values recorded for the Ctr 

(4.70±0.92mm/s). At T2 the velocity was 3.79 ± 0.48mm/s, at T3 the velocity value was 

3.63 ± 0.62mm /s, at T4 the speed was 3.84 ± 0.77mm/s and at T5 it was 3.90 ± 0.63mm /s 

(Fig. 1A). 
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The latency time at baseline in the CC group was higher (0.26 ± 0.01s) than the values 

recorded for the Ctr (0.24 ± 0.02s; p = 0.001). At T2 latency time was 0.27 ± 0.01s, at T3 it 

was 0.27 ± 0.02s, at T4 latency time was 0.26 ± 0.02s and at T5 there was an increase to 

0.27 ± 0.02s (Fig. 1 B). 

The relative amplitude at baseline in the CC group (23.06 ± 4.83%) is lower than the 

values recorded for the Ctr (23.96 ± 6.09%) without reaching a statistically significant 

difference. At T2 the relative amplitude was 18.87 ± 3.31%, at T3 it was 17.31 ± 4.03% 

and then relative amplitude increased at T4 (18.53 ± 4.74%) and at T5 (18.53 ± 28.5%) 

(Fig. 1 C).  

The reaction time at baseline in the CC group (0.58 ± 0.05s) was longer than the values 

recorded for the Ctr (0.56 ± 0.07s), although no significant difference was achieved (p = 

0.263) . At T2 reaction time was 0.49 ± 0.05s, at T3 it was 0.47 ± 0.06s, at T4 the value 

was 0.49 ± 0.06s and at T5 it was 0.51 ± 0.06s (Fig. 1 D).  

To identify the possible predictors, a multivariate linear regression analysis was performed 

by using the four pupillography parameters (detected at T1, T2, T3, T4 and T5) as 

dependent variables and the individual characteristics (age, BMI, amphetamine/MDMA, 

daily cannabis use, years of habitual use and CIF) as independent variables. All statistical 

significant results are shown in Figure 2. 

The velocity of contraction at T3 was significantly and inversely correlated (p=0.016; 𝛽=-

0.0650; R2=0.339) with the cannabis grams consumed per day (Fig. 2 A) and at T4 it was 

correlated (p=0.036; R2=0.222) with BMI (Fig. 2 B). 

The latency time at T4 and at T5 (p<0.000; R2=0.545 and p<0.020; R2=0.416 respectively) 

was statistically correlated with the cannabis grams consumed per day (Fig. 2 C and D) and 
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at T5 it was significantly and inversely correlated (p=0.003; 𝛽=-0.687; R2=0.661) with the 

BMI (Fig. 2 E). 

The reaction time measured at T4 is inversely correlated (p=0.011; 𝛽=- 0.768; R2=0.355) 

with the BMI (Fig. 2 F). 
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Figure 2. Correlations between the pupillographic results and the individual characteristics statistically 

reliable: A) correlation between velocity of contraction at T3 and daily consumption of cannabis (p=0.016); 

B) correlation between velocity of contraction at T4 and BMI (p=0.036); C) and D) correlations between 

daily consumption of cannabis and latency time at T4 (p<0.0001) and latency time at T5 (p=0.020); E) and F) 

correlations between BMI and latency time at T5 (p=0.003) and reaction time at T4 (p=0.011). The red 

circles indicate the two test persons who were under the influence of amphetamine/MDMA. 
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Discussion 

Infrared pupillography can represent a standardized and objective method for measuring 

the pupil function and assessing the influence of substances acting on the CNS. In fact, the 

pupillary light reflex can be significantly altered by psychoactive substances, like cannabis. 

In the present study, all four pupillary parameters seemed to be changed according to a 

weakened pupil function due to an acute administration of cannabis. Although pupil size as 

well as the latency depend on age, no relevant age-related bias in pupil diameter and 

latency were found in age and gender distribution between the CC and Ctr groups. In 

accordance with previous studies [23], acute cannabis administration may cause pupil 

constriction, and conjunctival injection (red eye), self-limiting effects, which do no require 

any particular treatment.  

In particular, velocity of contraction and latency time were altered in proportion to the 

daily use of cannabis. Although the simultaneous influence of amphetamine/MDMA and 

cannabis has been found to hinder the opthalmological effects caused by cannabis [16], 

such results cannot be confirmed by the present two test individuals under the influence of 

amphetamine/MDMA.  

According to other studies investigating neurological impairment by drugs [9, 24 - 26] 

long-term effects can be appreciated especially in THC “heavy users”. Probably cannabis 

causes long-term effects and addiction because the active substance stimulates the same 

reward pathways of other drugs [27, 28].  

The effect of cannabis on the pupil parameters investigated at T4 was probably related to 

the different metabolization of THC when it accumulates in the body. In fact, high 

concentrations of cannabinoids are metabolized through ways other than the microsomal 
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system and cytochromes and the resulting products could have different targets with 

different biological roles [29]. 

Furthermore, the effects detected during the study could be due to some phenomena of 

molecular mimicry, or to receptor desensitization phenomena or, again, to the possible 

effect of cannabinoids active on receptors other than CB1 and CB2 [30]. 

The acute effect recorded over two hours after the last dose, when this should be 

terminated, can be explained by the fact that in the usual consumer the kinetics of 

elimination of the active substance is different [31]. 

Our findings demonstrate that the velocity of contraction was correlated with BMI while 

the latency time and the reaction time were significantly and inversely correlated with the 

BMI. 

Although there is still no evidence, it seems that this phenomenon can be related to the 

lipophilic nature of THC and, consequently, to the possible accumulation at high 

concentrations in adipose tissue which increases with increasing BMI and lower blood 

concentration of active molecule and reduced toxicological influence on the pupil. 

The results of the study show that almost all pupil parameters are reliable indicators for the 

detection of subjects under the acute effect of cannabis, at the comparison with a control 

group after light stimulation of the same intensity. However, to understand the effects of 

cannabis on the ability to drive, it would be necessary to establish ranges of measured 

metabolites related to the deficit grade in driving a vehicle, as is the case for alcohol. The 

demonstration of a correlation between the quantity of the blood metabolites and the 

pupillary effect should be performed on a larger sample due to the high intra- and inter-

individual variability. The method presented seems to be suitable for providing information 

about a possible and recent consumption of cannabis. 
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Although the integrity of the pupil function is not always correlated with the ability to 

drive [32, 33] and the examination of the pupil size and function are not sufficient to 

evaluate the fitness for driving, we can affirm that the pupil function is a useful objective 

indicator of neurological conditions [5]. 

Considering the interindividual differences in pupil physiology and the changes during the 

study, further research studies should be performed possibly by using more precise devices  

with higher measuring frequency in order to enhance the sensitivity in recording the 

differences of the pupillographic response. In addition, to validate the pupillography as a 

medicolegal proof, studies with a larger sample are needed as well as pupillographic 

analysis in subjects who have taken poli-drugs or drugs and alcohol together. Road traffic 

injuries are the leading cause of death among people aged between 15 and 29 years and it 

will rise to become the fifth leading cause of death by 2030. These subjects represent the 

main prevention target of this method. 

Credit author statement  

Validation, Data curation, Writing - Original Draft, Writing - Review & Editing, 

Visualisation, Formal Analysis   

Francesco De Micco:  

Validation, Data curation, Visualisation  

Graziamaria Corbi:  

Validation, Data curation, Writing - Original Draft, Writing - Review & Editing, 

Visualisation, Formal Analysis,      

Thomas Keller:  

Investigation 

Benno Hartung:  

Resources, Project administration, Supervision  

Thomas Daldrup:  

Investigation 

Fabio Monticelli:  

Conceptualization, Methodology, Investigation, Resources, Supervision   

 
Conflict of Interests:  
The authors declare that they have no conflict of interests 
 

Acknowledgements 

Jo
ur

na
l P

re
-p

ro
of



 18 

The Authors thank Marica Felice for her support in collecting data from test subjects. 

 

  

Jo
ur

na
l P

re
-p

ro
of



 19 

 

 

References 

 

 

[1] Verstraete AG, Raes E. (Eds). Rosita-2 project. (Accessed December 1, 2017, at 

https://ec.europa.eu/transport/road_safety/sites/roadsafety/files/pdf/projects_sources/ro

sita2_final_report.pdf). 

[2] Carfora A, Campobasso CP, Cassandro P, Petrella R, Borriello R. Alcohol and 

drugs use among drivers injured in road accidents in Campania (Italy). A 8-years 

retrospective analysis. Forensic Sci Int, 2018, 288: 291-296.  

[3] StVO, latest version of April 04th, 2013 

[4] Monticelli FC, Tutsch-Bauer E, Hitzl W, Keller T. Pupil function as a parameter for 

assessing impairment of the central nervous system from a traffic-medicine 

perspective. Leg Med (Tokyo). 2009 Apr;11 Suppl 1:S331-2 

[5] Monticelli F, Priemer F, Hitzl W, Keller T. Pupil function as an indicator for being 

under the influence of central nervous system-acting substances from a traffic-medicine 

perspective. Med Sci Law. 2010 Apr;50(2):75-83. 

[6] Monticelli F, Preiss U, Hitzl W, Keller T. Pupil function as an indicator of being 

under the influence of central nervous system-acting substances from a traffic-medicine 

perspective - Part II. Med Sci Law. 2016 Jan;56(1):19-25. 

[7] National Institute of Drug Abuse (NIDA - 2019, December 31). Drugged Driving. 

Retrieved from https://www.drugabuse.gov/publications/drugfacts/drugged-driving on 

2020, April 6  

[8] Pope HG Jr, Gruber AJ, Yurgelun-Todd D. The residual neuropsychological effects 

of cannabis: the current status of research. Drug Alcohol Depend. 1995 Apr;38(1):25-

34. 

[9] Block RI, Ghoneim MM. Effects of chronic marijuana use on human cognition. 

Psychopharmacology (Berl). 1993;110(1-2):219-28. 

[10] Ashton H. Pharmacology and effects of cannabis: a brief review. Br J Psychiatry 

178:201–206. 

[11] Macdonald S, Anglin-Bodrug K, Mann RE et al. Injury risk associated with 

cannabis and cocaine use. Drug Alcohol Depend. 2003 Nov 24;72(2):99-115. 

[12] Moskowitz H (1976) Marihuana: effects on simulated driving performance. Accid 

Anal Prev 1976, 8:45–50 

[13] Moskowitz H. Marijuana and driving. Accid Anal Prev 1985 17: 323–345 

[14] Grotenhermen F, Leson G, Berghaus G, et al. Developing limits for driving under 

cannabis. Addiction 2007 102:1910–1917. 

[15] Ramaekers JG, Berghaus G, van Laar M, Drummer OH. Dose related risk of 

motor vehicle crashes after cannabis use. Drug Alcohol Depend, 2004, 73:109–119 

[16] Hartung B, Schwender H, Roth EH et al. The effect of cannabis on regular 

cannabis consumers' ability to ride a bicycle. Int J Legal Med. 2016 May;130(3):711-

21 

[17] Maatz KR. Driving inability after drug use. Blutalkohol 43: 451–465  

[18] Drasch G, von Meyer L, Roider G, Jaegerhuber A. Absolute driving inability 

under the influence of cannabis. Proposal Threshold Limit 2003, 40:269–286 

Jo
ur

na
l P

re
-p

ro
of

https://www.ncbi.nlm.nih.gov/pubmed/14636965


 20 

[19] Paul LD, Musshoff F et al. Guideline for quality control in forensic-toxicological 

analyses (Accessed December 1, 2017, at https://www.gtfch.o rg/ cms/images 

/stories/files/Guidelines%20for%20quality%20control%20in%20forensic-toxicolog 

ical%20analyses%20%28GTFCh%2020090601%29.pdf). 

[20] Ménétrey A, Augsburger M, Favrat B et al. Assessment of driving capability 

through the use of clinical and psychomotor tests in relation to blood cannabinoids 

levels following oral administration of 20 mg dronabinol or of a cannabis decoction 

made with 20 or 60 mg Delta9-THC. J Anal Toxicol. 2005 Jul-Aug;29(5):327-38. 

[21] Russo EB, Grotenhermen F. The Handbook of Cannabis Therapeutics - From 

Bench to Bedside. The Handbook of Cannabis Therapeutics - From Bench to Bedside. 

The Haworth Press, Inc., Binghamton, NY (2006). 

[22] Gorelick DA1, Heishman SJ. Methods for clinical research involving cannabis 

administration. Methods Mol Med. 2006;123:235-53. 

[23] Selden BS, Clark RF, Curry SC. Marijuana. Emerg Med Clin North Am. 1990 

Aug;8(3):527-39. 

[24] Varma VK, Malhotra AK, Dang R et al. Cannabis and cognitive functions: a 

prospective study. Drug Alcohol Depend. 1988 May;21(2):147-52 

[25] Solowij N, Michie PT, Fox AM. Effects of long-term cannabis use on selective 

attention: an event-related potential study. Pharmacol Biochem Behav. 1991 

Nov;40(3):683-8 

[26] Pope HG Jr, Yurgelun-Todd D. The residual cognitive effects of heavy marijuana 

use in college students. JAMA. 1996 Feb 21;275(7):521-7. 

[27] Gardner EL, Lowinson JH. Marijuana’s interaction with brain reward systems: 

update 1991. Pharmacol Biochem Behav. 1991 Nov;40(3):571-80. 

[28] Wickelgren I. Marijuana: harder than thought? Science. 1997 Jun 

27;276(5321):1967-8 

[29] Grotenhermen F, Pharmacokinetics and pharmacodynamics of cannabinoids. Clin 

Pharmacokinet. 2003;42(4):327-60 

[30] Di Marzo V, De Petrocellis L. Why do cannabinoid receptors have more than one 

endogenous ligand? Philos Trans R Soc Lond B Biol Sci. 2012 Dec 5;367(1607):3216-

28. 

[31] Lowe RH, Abraham TT, Darwin WD et al. Extended urinary Delta9-

tetrahydrocannabinol excretion in chronic cannabis users precludes use as a biomarker 

of new drug exposure. Drug Alcohol Depend. 2009 Nov 1;105(1-2):24-32. 

[32] Verster JC, Veldhuijzen DS, Volkerts ER. Effects of an opioid 

(oxycodone/paracetamol) and an NSAID (bromfenac) on driving ability, memory 

functioning, psychomotor performance, pupil size, and mood. Clin J Pain. 2006 

Jun;22(5):499-504. 

[33] Corbi G, Gambassi G, Pagano G, Russomanno G, Conti V, Rengo G, Leosco D, 

Bernabei R, Filippelli A, Ferrara N. Impact of an Innovative Educational Strategy on 

Medication Appropriate Use and Length of Stay in Elderly Patients. Medicine 

(Baltimore). 2015;94(24):e918. doi: 10.1097/MD.0000000000000918. 

 

 

 

 

Jo
ur

na
l P

re
-p

ro
of

https://www.ncbi.nlm.nih.gov/pubmed/?term=Gorelick%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=16506412
https://www.ncbi.nlm.nih.gov/pubmed/?term=Heishman%20SJ%5BAuthor%5D&cauthor=true&cauthor_uid=16506412

