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Abstract

In recent years there has been a surge in methylphenidate (Ritalin) use for treatment of attention deficit/hyperactivity disorder
(ADHD) in children. However, there is a paucity of information on whether this drug poses any potential health risks, such as
mutagenicity or carcinogenicity, for humans. To address this issue, we investigated whether this central nervous system
stimulant produces cytogenetic abnormalities in pediatric patients at therapeutic levels. In a population composed of twelve
children treated with therapeutic doses of methylphenidate, we analyzed three cytogenetic endpoints in peripheral blood
lymphocytes obtained before and three months after initiation of treatment with this drug. In all participants, treatment induced
a significant 3, 4.3 and 2.4-fold increase in chromosome aberrations, sister chromatid exchanges and micronuclei frequencies,
respectively (P=0.000 in all cases). These findings warrant further investigations of the possible health effects of
methylphenidate in humans, especially in view of the well-documented relationship between elevated frequencies of
chromosome aberrations and increased cancer risk.
© 2005 Published by Elsevier Ireland Ltd.
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1. Introduction

Although methylphenidate hydrochloride (Ritalin)
has been in use since the 1950s, the use of the drug for
the treatment of attention deficit/hyperactivity dis-
order (ADHD) has increased dramatically in recent
years. Between 1990 and 1993, ADHD-related visits
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of children to primary care practitioners in the United
States (US) increased from 1.7 to 4.2 million per year
[1]. Ninety percent of those children were treated with
medications, 71% with the central nervous system
stimulant methylphenidate. More than 10 million
prescriptions were written for methylphenidate in
1996 [2]. Domestic sales in the US showed an
increase of almost 500% between 1991 and 1999
with the US consuming approximately 85% of the
world’s production of methylphenidate.

Considering that methylphenidate has been
approved for human use for over 50 years, there are
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surprisingly few studies on the potential for serious
side effects, such as mutagenicity and carcinogenicity,
in animals or in humans. In a comprehensive 2-year
carcinogenicity study in F344 rats and B6C3F1 mice
[3], there was a significant increase in hepatocellular
tumors in both male and female mice, but not in rats,
at the highest dose tested. In another study, methyl-
phenidate caused a decrease in spontaneous mammary
gland tumors in female rats [4]. In mutagenicity tests,
methylphenidate did not cause mutations in vitro in
bacteria or in cultured mammalian cells [5-8]. In cell
transformation assays, methylphenidate did not trans-
form rat or mouse cells in culture [9-10]. Increases in
chromosomal aberrations (CAs) and sister chromatid
exchanges (SCEs) were reported in a study of Chinese
hamster ovary cells in culture [6,11] and an increase in
SCEs was observed in an in vitro study with human
lymphocytes [12].

The lack of chronic studies in humans that address
the long term effects of methylphenidate intake, the
report of a positive 2-year cancer study in mice, and
results from genotoxicity assays prompted the present
investigation. Since children can be more vulnerable to
genotoxic agents than adults, the study was conducted
on a pediatric population to determine if this central
nervous system stimulant produces cytogenetic
abnormalities in children at therapeutic levels.

2. Materials and methods
2.1. Study design and subjects

A total of 35 children volunteered for the study.
They had all been referred to a pediatric clinic at the
University of Texas Medical Branch (UTMB) for
evaluation of ADHD and consideration of treatment.
The study participants were either children that were
already patients at the clinic or children that had
been referred specifically for behavioral evaluation.
Eighteen children out of the thirty-five volunteers
were eligible to be enrolled in this pilot study. Details
of the clinical evaluation and criteria for enrollment
are given in the following section. After being
informed of the study, a parent or guardian signed
an informed consent that was approved by the
Institutional Review Board of UTMB, the child also
assented, and the study participant was then enrolled.

The study was designed so that each participant
served as his or her own control. None of the children
was known to be taking methylphenidate before
entering into the study. A 10 ml blood sample was
taken before starting methylphenidate, and a second
blood sample was collected after three months of
treatment with this drug. During the course of the
treatment, six subjects were switched to other
medications; thus, a total of 12 children completed
the study.

2.2. Clinical evaluation and treatment

Each potential study subject had an appointment
with, and was seen by a pediatrician experienced in
diagnosing ADHD and other behavioral problems for a
thorough behavioral evaluation. This evaluation
included obtaining behavioral checklists from parents
and teachers, interviewing the parents, and talking
with and examining each child. The diagnosis of
ADHD was made using the DSM IV Criteria in
accordance with the current recommendations of the
American of Academy of Pediatrics [13]. Each child
that received the diagnosis of ADHD had to have had
attention problems, hyperactive/impulsive problems,
or both. These problems had to be ongoing for more
than six months, had to have occurred prior to the
child’s seventh birthday, and had to be present in more
than one setting and be more severe than in other
children. Most importantly, these problems had to
make it difficult for the child to function at home, in
school and/or in social settings. The majority of the
clinic appointments were 45-60 min in length. Of the
children who were diagnosed, 18 were treated with
methylphenidate; these were the children who were
originally enrolled in the study. The selection of the
type of medication to be used was solely a medical
decision made by the child’s pediatrician. If the
diagnosis of ADHD was not made, no medication
was prescribed, or if methylphenidate was not
prescribed, the child was not eligible for the study.
Therapeutic doses of methylphenidate ranged from
20 to 54 mg/day for the children enrolled in this study.

2.3. Cytogenetic analyses

Cytogenetic evaluations using multiple techniques
were conducted on peripheral blood lymphocyte (PBL)
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samples collected from all study subjects. The first
evaluation was done before the start of the methylphe-
nidate treatment. The second evaluation was done three
months after the initiation of methylphenidate treat-
ment. Cytogenetic evaluations of all participants were
conducted using three different standard protocols: (1) a
conventional cytogenetic assay that evaluates CA
frequencies [14], (2) a SCE assay, which detects
crossing-over events between the sister chromatids of
a chromosome [15] and (3) a micronucleus (MN) assay
that detects damage to chromosomes or to the mitotic
apparatus [16]. The MN assay also allows for scoring of
nucleoplasmic bridges (NPB), which are markers of
chromosome rearrangements such as dicentric or ring
chromosomes [17]. The use of multiple cytogenetic
endpoints ensured the detection of different types of
genetic damage and allowed for a better understanding
of the underlying mechanisms of methylphenidate-
induced genetic damage.

Blood cultures from all the samples (initial and three
months after treatment) were harvested and stored at
—20 °C until the slides were prepared and coded for
blind scoring by two experienced slide readers who
were not aware of their origin. Fifty metaphase cells
from each individual’s blood sample were scored for
CA. For SCEs, 25 metaphases were scored, and for the
MN assay, 1000 binucleated cells were scored.

2.4. Statistical analyses

The data was computed using the means of the pre-
and post-treatment measurements and the standard error
of the change in the means. The Minitab computer
program (Minitab Inc, version 14) was used to perform a
paired t-test on each of the variables (pre- and post-
treatment) yielding P-values, all of which were zero to
3 decimal places, and 95% level confidence intervals for
the change in means (corresponding to a 0.05 level of
significance for testing purposes).

3. Results
3.1. Study subjects
Out of 18 enrolled individuals, 12 study subjects

successfully completed the study with three months of
treatment with methylphenidate. The mean age of

the children was 8.5+ 3.5 years. There were 10 males
and 2 females in the study. There were 6 Caucasians,
4 African Americans and 2 Hispanic children. The
mean + SD of the height of the children was 50.8 +
7.25 inches (range 39-60 inches) and their mean + SD
weight was 69.09+32.16 Ibs. Results from only
11 study subjects were generated before and 3 months
after methylphenidate treatment for the SCE and MN
assays due to failure of the cultures for these assays in
one study participant.

3.2. Chromosome aberration results: individual data

For all the study participants (n=12), 50
metaphase cells were analyzed for CA at two
different time points: at baseline (before the start
of the medication) and 3 months after the beginning
of methylphenidate treatment. Chromatid-type aber-
rations, chromosome-type aberrations and total
breaks were recorded. All of the chromatid-type
aberrations that were recorded were frank chromatid
breaks. Chromosome-type aberrations were mainly
deletions and each deletion was counted as two
breaks. Gaps were also recorded, but not included in
the final aberration frequencies computation.
Detailed information on the chromosome aberration
findings for each individual studied is presented in
Table 1.

3.3. Sister chromatid exchange results: individual
data

For all study participants, 25 metaphase cells were
analyzed at baseline and at 3 months after methyl-
phenidate treatment. The number of SCEs in each cell
was recorded, and the mean number per 25 meta-
phases for each individual was calculated. Fig. 1
shows the results from 11 individuals enrolled in the
study. A significantly higher mean number of SCEs
(P=0.000) was observed in the PBLs of every
volunteer after the 3 months of methylphenidate
treatment. It is noteworthy that while participant #1
had an unusually high background level of SCEs,
there was still an increase in the SCEs after treatment
with methylphenidate.
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Table 1

The number and type of chromosome and chromatid aberrations
before and 3 months after methylphenidate treatment in each study
participant

Partici-  #Cells  #Chromo- #Chroma- #Gaps® #Total

pant® scored some aber-  tid aberra- breaks®
rations tions
1 50 1 1 1 3
IR 50 1 2 2 4
50 0 1 1 1
2R 50 1 1 1 3
3 50 0 1 1 1
3R 50 2 1 3 5
4 50 0 0 1 0
4R 50 1 1 2 3
5 50 0 2 1 2
SR 50 0 5 2 5
6 50 1 0 0 2
6R 50 2 1 4 5
7 50 0 2 1 2
7R 50 1 7 5 9
8 50 0 1 0 1
8R 50 0 6 3 6
9 50 1 0 1 2
9R 50 1 3 5 5
10 50 0 2 0 2
10R 50 1 3 4 5
11 50 0 3 1 3
1IR 50 1 6 3 8
12 50 0 1 2 1
12R 50 1 1 6 3

# Rindicates samples collected from the same individual 3 months
after the start of methylphenidate treatment.

" Gaps were reported but not included in the total number of
breaks.

¢ Each chromosome-type aberration was counted as two breaks.

3.4. Micronucleus assay results: individual data

For all the 11 study participants from whom MN
data was obtained, 1000 binucleated cells were
analyzed at two different time points: at baseline
and 3 months after the initiation of methylphenidate
treatment. The number of micronuclei (a marker of
chromosome breakage and loss) per 1000 binucleated
cells was recorded. Fig. 2 shows the MN results for
each study subject. These results were similar to the
results of the conventional CA and the SCE assays.
A significantly higher frequency of MN (P=0.000)
was observed in PBLs from each study participant
after the 3 months of methylphenidate treatment. The
number of nucleoplasmic bridges (NPB, a marker of

chromosome rearrangements) per 1000 binucleated
cells was also recorded. Fig. 3, shows the results for
each study subject. A significantly higher frequency
of bridges (P=0.000) was observed in PBLs after 3
months of methylphenidate treatment in all the study
subjects.

3.5. Cytogenetic summary data

Table 2 summarizes all of the cytogenetic findings
of the current study. A significantly higher frequency
of aberrant cells, expressed as total breaks per 50
cells, was observed in PBLs of all study subjects after
treatment with methylphenidate for 3 months. The
mean CA frequency after 3 months of treatment was
5.08, which is approximately a three-fold increase
over the observed baseline mean CA frequency of
1.67 per 50 cells (P=0.000). The 95% confidence
interval for the change in means before and after
treatment was 2.44-4.62. A significantly higher mean
number of SCEs (P=0.000) was observed in PBLs of
all study subjects after the 3 months of methylpheni-
date treatment. The mean number of SCE after
3 months of treatment was 26.27, which was about a
4.3-fold increase over the observed baseline SCE
level of 6.09. The 95% confidence interval for the
change in means before and after treatment was
12.59-27.76. The mean MN frequency per 1000 cells
after 3 months of treatment in all study subjects was
8.46 which is approximately a 2.4-fold increase over
the observed baseline MN frequency of 3.55 per 1000
cells (P=0.000). The 95% confidence interval for
the change in means before and after treatment was
3.04-6.77. The mean NPB per 1000 cells after 3
months of treatment was 6.18, which is approximately
2.8-fold higher (P =0.000) than the observed baseline
NPB frequency of 2.18 per 1000 cells. The 95%
confidence interval for the change in means before
and after treatment was 2.59-5.40.

4. Discussion

To our knowledge, this is the first study that
addresses the potential clastogenic effects associated
with methylphenidate treatment in children. The study
was designed so that each individual served as his or
her own control. Thus, any increase in cytogenetic



R.A. El-Zein et al. / Cancer Letters xx (2005) 1-8 5

80 T

60 T

40

20 7

Frequency of SCEs

0

£

£ q&fﬁ fﬁfﬁ

i’ %\;,

[ |Basdline (before treatment) [l After 3 months of treatment

Fig. 1. Mean number of sister chromatid exchanges per 25 cells in each study subject before and 3 months after methylphenidate treatment.

endpoints observed after treatment could be directly
attributed to the treatment. A baseline level for each
biomarker of genetic damage was established prior to
treatment with methylphenidate, and the possible
effect of the treatment on that biomarker was
determined after three months on the drug. In
addition, several markers of genotoxicity were
utilized for each sample to give a more comprehen-
sive measure of any potential genotoxic effect that this
drug may have. This design optimized the acquisition
of relevant data even with a relatively small number of
participants, and allowed the achievement of mean-
ingful conclusions while controlling for the effect of

any potential confounders, such as dietary factors or
other exposures.

In every individual examined, there was a
statistically significant increase in every genotoxic
endpoint analyzed with P-values equal to zero (up to
the fourth decimal) for each of the parameters tested,
and 95% confidence intervals for the difference in
means quite far from zero. Despite previous evidence
that methylphenidate did not cause an increase in MN
in mice [7], this study clearly indicates that the use
of methylphenidate is associated with an increase in
MN in children treated with this drug. In the mouse
MN assay, the animals were only treated once with
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Fig. 2. Mean number of micronuclei in 1000 binucleated cells in each study subject before and 3 months after methylphenidate treatment.
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Fig. 3. Mean number of nucleoplasmic bridges in 1000 binucleated cells in each study subject before and 3 months after methylphenidate

treatment.

the drug. In our study, the children received
therapeutic doses (20-54 mg/day) of methylphenidate
daily for 3 months. Thus, extended exposure may be
responsible for the difference in the results of the
animal studies. It is important to point out that in the
animal bioassay studies, where prolonged adminis-
tration of methylphenidate occurred, liver tumors
developed in mice [3]. Differences in metabolism of
the drug between species may also have affected the
results of these studies. The metabolism of methyl-
phenidate is reported to involve de-esterification, with
the primary metabolite in humans being ritalinic acid
(80% in urine) [18]. We could not find quantitative
data for ritalinic acid production in mice, but the
levels of ritalinic acid seen in rats and dogs are
significantly lower (35-40% and 23%, respectively,
after oral administration) than the levels reported in
humans [18]. At present, we do not know the exact
mechanism responsible for the genotoxic response
that we observed in children following administration
of methylphenidate.

We used cytogenetic endpoints to identify the
possible genotoxic effects of methylphenidate treat-
ment because of the relevance of these endpoints as
biomarkers for genetic damage related to cancer [16].
It is well documented that the frequency of CA in
circulating lymphocytes is a relevant biomarker for
cancer risk in humans, reflecting both early biological
effects of exposure to genotoxic carcinogens and
individual susceptibility. This correlation between CA

and cancer risk was found regardless of known
exposure to carcinogens, which indicates that an
increase in CA frequency is, in itself, a strong
biomarker for elevated risk of cancer (reviewed by
[19]). Only one study addressing the carcinogenesis of
methylphenidate in humans was located in the
literature [20]. Its usefulness in addressing the
carcinogenesis of methylphenidate in humans is
limited because of its design as a hypothesis
generating study. Our results, coupled with the
positive cancer bioassay data in laboratory animals,
provide a strong argument that methylphenidate
should be further investigated.

Table 2

Summary of the cytogenetic data

Endpoint Mean+SEM Mean+ SEM after 3 P-value®
before treatment ~ months of treatment

CAP 1.67+0.27 5.081+0.54 0.000

SCEs® 6.09+5.30 26.2716.03 0.000

MN¢ 3.55+0.68 8.46+1.13 0.000

NPB® 2.18+0.54 6.18+0.80 0.000

? The difference between the levels of each end point before
treatment and after treatment was significantly different (P=0.000).

° Mean number of breaks in all study subject before and 3 months
after methylphenidate treatment.

¢ Mean number of sister chromatid exchanges in all study subject
before and 3 months after methylphenidate treatment.

4 Mean number of micronuclei in all study subject before and 3
months after methylphenidate treatment.

¢ Mean number of nucleoplasmic bridges in all study subject
before and 3 months after methylphenidate treatment.
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While twelve subjects may represent a relatively
small sample size, our study is remarkable in the
consistency of the increase in every type of cytoge-
netic endpoint monitored, in every child receiving the
drug, when the results from the pretreatment period
were compared with the results after three months of
treatment. While it should be noted that the data should
be replicated and expanded by further studies in a
larger population before a definitive conclusion about
the genotoxicity of methylphenidate can be attained,
the results presented herein raise many important
questions. For example, what is the reversibility of the
cytogenetic effects observed when the use of the drug
is terminated? Could the same clastogenic effects
observed in children be observed in adults? Would the
effects observed be exacerbated with an increased
length of drug intake? One alternative treatment
available for ADHD is Adderall, which is also an
amphetamine-based drug like methylphenidate.
However, in a recent study, investigators reported an
increase in genetic damage in adult methamphetamine
users [21]. Therefore, it is imperative that treatment
with amphetamine-based, and other structurally
related drugs, be monitored for genotoxic effects in
children as well. Another major issue not addressed is
the question of the role that genetic susceptibility may
play in the observed effects. Although every child
showed increases in the measures of genotoxicity
monitored, the magnitude of the response varied
considerably between individuals. It is now well
documented that genetic polymorphisms in certain
genes, such as metabolic and DNA repair genes, affect
the level of genetic damage in individuals exposed to
genotoxic chemicals [22-24]. It therefore remains to
be seen if polymorphisms in susceptibility genes
would affect the genotoxic response observed with
methylphenidate.

In conclusion, the lack of research on the long-term
effects of methylphenidate use in humans warrants
great concern. At present, it is not clear what the long-
term effects would be for children who took
methylphenidate 10 or 20 years ago or for those
who are currently being treated with this drug.
Clearly, this study opens the door for further larger
studies that address these issues in order to establish
the safety of methylphenidate, as well as possible
replacement drugs, for the treatment of ADHD.

Acknowledgements

We express our thanks to Drs Marinel
M. Ammenheuser and Jonathan B. Ward Jr. for
critically reading this manuscript and making editorial
suggestions. We also would like to acknowledge
Rebecca Brodwick for her steadfast effort in execut-
ing this study, especially the recruitment of the
participants.

References

[1] JM. Swanson, M. Lerner, L. Williams, More frequent
diagnosis of attention deficit-hyperactivity disorder, N. Engl.
J. Med. 333 (1995) 944.

[2] T. Woodworth, DEA Congressional Testimony, http://www.
dea.gov/pubs/cngrtest/ct051600.htm.

[3] J.K. Dunnick, J.R. Hailey, Experimental studies on the long-
term effects of methylphenidate hydrochloride, Toxicology
103 (1995) 77-84.

[4] JK. Dunnick, M.R. Elwell, J.K. Haseman, Decreased
incidence of spontaneous mammary gland neoplasms in
female F344 rats treated with amphetamine, methylphenidate,
or codeine, Cancer Lett. 102 (1996) 77-83.

[5] K. Mortelmans, S. Haworth, T. Lawlor, W. Speck, B. Tainer,
E. Zeiger, Salmonella mutagenicity tests: II. Results from the
testing of 270 chemicals, Environ. Mutagen. 7 (1986) 1-119.

[6] NTP, National Toxicology Program Carcinogenesis technical
report series; National Toxicology Program; US Department
of Health and Human Services 439 (1995) 1-70.

[7]1 S.K. Teo, R.H. San, V.O. Wagner, R. Gudi, D.I. Stirling,

S.D. Thomas, V.D. Khetani, D-Methylphenidate is non-

genotoxic in in vitro and in vivo assays, Mutat. Res. 537

(2003) 67-79.

C.J. Rudd, A.D. Mitchell, J. Spalding, Mouse lymphoma cell

mutagenesis assay of coded chemicals incorporating analyses

of the colony size distributions, Environ. Mol. Mutagen. 5

(1983) 419.

[9] P.J. Price, E.A. Gregory, P.C. Skeen, Ritalin, benzedrine and
dexedrine do not transform F 1706 rat cells, Cancer Lett. 5
(1978) 345-349.

[10] E.J. Matthews, J.W. Spalding, R.W. Tennant, Transformation
of BALB/c-3T3 cells: V. Transformation responses of 168
chemicals compared with mutagenicity in Salmonella and
carcinogenicity in rodent bioassays, Environ. Health Perspect.
101 (1993) 347-482.

[11] S.]M. Gallaway, M.J. Armstrong, C. Reuben, S. Colman,
B. Brown, C. Cannon, et al., Chromosome aberrations and
sister chromatid exchanges in Chinese hamster ovary cells,
evaluation of 108 chemicals, Environ. Mol. Mutagen. 10
(1987) 1-175.

[12] A.P. Walker, K.W. Dumars, Commonly used pediatric drugs,
sister chromatid exchanges and the cell cycle, Am. J. Hum.
Genet. 29 (1977) 110A.

[8

—_


http://www.dea.gov/pubs/cngrtest/ct051600.htm
http://www.dea.gov/pubs/cngrtest/ct051600.htm

8 R.A. El-Zein et al. / Cancer Letters xx (2005) 1-8

[13] American Psychiatric Association, Diagnostic and Statistical
Manual of Mental Disorders DSM-IV-TR (2000).

[14] T.C. Hsu, D.A. Johnston, L.M. Cherry, D. Ramkisson,
S.P. Schantz, J.M. Jessup, et al., Sensitivity to genotoxic effects
of bleomycin in humans: possible relationship to environmental
carcinogenesis, Int. J. Cancer 43 (1989) 403-409.

[15] P. Perry, S. Wolff, New Giemsa method for the differential
staining of sister chromatids, Nature 251 (1974) 156-158.

[16] M. Fenech, Biomarkers of genetic damage for cancer
epidemiology, Toxicology 181 (2002) 411-416.

[17] M. Fenech,, The cytokinesis-block micronucleus technique
and its application to genotoxicity studies in human popu-
lations, Environ. Health Perspect. 101 (1993) 101-107.

[18] M.J. Ellenhorn, D.G. Barceloux, Medical Toxicology- Diag-
nosis and Treatment of Human Poisoning, Elsevier Science
Publishing Co., Inc., New York, NY, 1988, p. 631.

[19] S. Bonassi, A. Znaor, H. Norppa, L. Hagmar, Chromosomal
aberrations and risk of cancer in humans: an epidemiolo-
gical perspective, Cytogenet. Genome Res. 104 (2004)
376-382.

[20] J.V. Selby, G.D. Friedman, B.H. Fireman, Screening prescrip-
tion drugs for possible carcinogenicity:eleven to fifteen years
of follow-up, Cancer Res. 49 (1989) 5736-5747.

[21] J.H. Li, H.C. Hu, W.B. Chen, S.K. Lin, Genetic toxicity of
methamphetamine in vitro and in human abusers, Environ.
Mol. Mutagen. 42 (2003) 233-242.

[22] S.Z. Abdel-Rahman, R.A. El-Zein, The 399GIn polymorphism
in the DNA repair gene XRCC1 modulates the genotoxic
response induced in human lymphocytes by the tobacco-
specific nitrosamine NNK, Cancer Lett. 159 (2000) 63-71.

[23] S.Z. Abdel-Rahman, M.M. Ammenheuser, J.B. Ward Jr,
Human sensitivity to 1,3-butadiene: role of microsomal
epoxide hydrolase polymorphisms, Carcinogenesis 22 (2001)
415-423.

[24] A. Affatato, K.J. Wolfe, M.S. Lopez, C. Hallberg,
M.M. Ammenheuser, S.Z. Abdel-Rahman, Effect of
XPD/ERCC2 polymorphisms on chromosome aberration
frequencies in smokers and on sensitivity to the mutagenic
tobacco-specific nitrosamine NNK, Environ. Mol. Mutagen.
44 (2004) 65-73.



	Cytogenetic effects in children treated with methylphenidate
	Introduction
	Materials and methods
	Study design and subjects
	Clinical evaluation and treatment
	Cytogenetic analyses
	Statistical analyses

	Results
	Study subjects
	Chromosome aberration results: individual data
	Sister chromatid exchange results: individual data
	Micronucleus assay results: individual data
	Cytogenetic summary data

	Discussion
	Acknowledgements
	References


