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Effects of methamphetamine abuse 
on spatial cognitive function
Yan-Lin Luo1, Jing-Wei Bian1, Zhi-Jun Zheng2, Li Zhao1, Song Han1, Xiao-Hong Sun1,  
Jun-Fa Li  1 & Guo-Xin Ni3

Methamphetamine (MA) abuse has been rising rapidly over the past decade, however, its impact in 
spatial cognitive function remains unknown. To understand its effect on visuospatial ability and spatial 
orientation ability, 40 MA users and 40 non-MA users conducted the Simple Reaction Task (Task 1), the 
Spatial Orientation Task (Task 2), and the Mental Rotation Task (Task 3), respectively. There was no 
significant difference in either accuracy or reaction time (RT) between 2 groups in Task 1. During Task 2, 
in comparison with non-MA users, MA users performed poorer on RT, but not in accuracy for foot and 
hand stimuli. In addition, both non-MA and MA users responded much more quickly to upward stimuli 
than downward stimuli on vertical surface, however, only non-MA users exhibited leftward visual field 
advantage in horizontal orientation processing. As for Task 3, MA users exhibited poorer performance 
and more errors than their healthy counterparts. For each group, linear relationship was revealed 
between RT and orientation angle, whereas MA abuse led to longer intercept for all stimuli involved. 
Our findings suggested that MA abuse may lead to a general deficit in the visuospatial ability and the 
spatial orientation ability with more serious impact in the former.

Methamphetamine (MA) is the derivative of cathinone found naturally in the leaves of the khat plant (Catha edulis)  
which has been chewed for centuries in some Middle Eastern and African countries for its amphetamine-like 
euphoric effects1. MA abuse has been rising rapidly over the past decade, and therefore regarded as a public health 
problem, both nationally and globally. Numerous studies have been conducted to understand its negative impacts 
in a variety of aspects. For instances, it has been linked to such psychological problems as depression, anxiety, 
social isolation, psychosis, bipolar and disorder2–7. Everyday functioning problems have also be demonstrated in 
interpersonal difficulties8,9, impulsivity10,11, and unemployment12. Moreover, considerably negative effects have 
been reported on many neurocognitive functions, including attention13, memory, learning14, executive function, 
and fine motor speed15,16.

Spatial ability is the individual ability to deal with objects in space mentally, and plays an important role in 
daily life. Unfortunately, our current understanding is rather limited about the impact of MA abuse in spatial 
processing. A number of small animal studies suggest that MA exposure may lead to significant deficit in spatial 
learning17–20, and poor performances in spatial task21. It was also reported that abstinent MA users for 6 months 
presented considerably impaired social emotion cognition and spatial working memory22. However, the impact 
of MA abuse has been rarely investigated in human spatial cognitive function. Notably, accumulating evidence 
indicates that 3,4-methylenedioxymethamphetamine (MDMA) is associated with the impairment of visuospa-
tial processing. Being ring-substituted derivatives of amphetamine (AMTH), MDMA and MA belong to the 
same type of psycholoactive drug and share a similar mechanism of action23,24. Using the Tile Manipulation Test, 
MDMA was reported to induce deficit in spatial working memory and planning25. In addition, MDMA users pre-
sented impaired processing of visuospatial information during the Spatial Working Memory Span and the Simple 
Spatial Span Task, with worse performance during the former task (under high cognitive loading)26. A recent 
systemic review demonstrated that MDMA may negatively affect user’s performances in a range of visuospatial 
tasks, whereas controversy existed on the task of judgment of visual-spatial stimulus characteristics27.

It is therefore hypothesized that, similar to MDMA, MA abuse may impair the spatial processing. Since spa-
tial ability can be measured by spatial perception, mental rotation, and spatial visualization28–30, this work was 
designed to examine both the spatial orientation ability and the visuospatial ability in MA abusers and non-MA 
users using the Spatial Orientation Task and the Mental Rotation Task, respectively. As the basis of spatial 
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recognition function, the spatial orientation task is much easier to be performed than the visuospatial task. In this 
regard, negative effect of MA abuse on spatial orientation ability may be either not apparent, or less serious than 
the visuospatial ability. Hence, the second hypothesis of this work is that MA abuse may mainly affect abusers’ 
visuospatial ability, rather than the spatial orientation ability.

Results
Demographics and clinical characteristics in two groups. The demographics and clinical characteris-
tics of MA (MA+) and non-MA (MA−) users were shown in Table 1. Significant difference did not exist between 
two groups in age, educational attainment, Edinburgh handedness scale, mini mental state examination (MMSE), 
state-anxiety/trait-anxiety scale, and withdrawal syndrome scale of craving, respectively.

Effect of MA on simple reaction task (Task 1). In this study, simple reaction task was conducted to 
understand if there is a general deficit in attention or motor ability between MA+ and MA− groups. During this 
task, the basic motor speed and motor ability were measured by discriminating hand or foot pictures. Table 2 
showed the results of accuracy and reaction time (RT) in two groups. By independent samples t tests analysis, sig-
nificant difference was not observed between two groups in either accuracy (t = 0.997, p = 0.322) or RT (t = 0.560, 
p = 0.577) (Fig. 1, n = 38 per group), indicating that MA abuse did not cause a significant deficit in either general 
attention or motor ability. In other words, a general RT slowing and reduction in accuracy reported below should 
be caused by a deficit in spatial ability.

Effect of MA on spatial orientation ability (Task 2). Spatial orientation ability is the basis of spatial 
ability. As such, Task 2 was conducted to evaluate such ability in MA+ and MA− groups by judging the direction 
of single hand (thumb) or foot (toe) picture. The corresponding accuracy and RT were calculated at leftward and 
rightward orientation for foot stimuli, as well as upward and downward orientation for hand stimuli in MA+ and 
MA− groups. Afterwards, these data were further analyzed by repeated two-way ANOVA for within-subject fac-
tor (2 levels of orientation angle: left or right for foot; up or down for hand), and between-subject factor (2 groups: 
MA+ and MA− group). As for the accuracy for either foot or hand stimuli, no significant main effect was found 
for each factor (angle or group) or for the interaction between them {For foot: group [F(1, 37) = 2.15, p = 0.190, 
η2 = 0.02], orientation angle [F(1, 37) = 0.764, p = 0.388, η2 = 0.003], and interaction [F(1, 37) = 0.077, p = 0.783, 
η2 < 0.01]; For hand: group [F(1, 37) = 1.313, p = 0.259, η2 = 0.013], orientation angle [F(1, 37) = 1.623, p = 0.143, 
η2 < 0.01], and interaction [F(1, 37) = 0.049, p = 0.827, η2 < 0.01]} (Fig. 2a,b and Table 2).

The results of RT suggested significant main effect for factor group [F(1, 37) = 4.628, p = 0.038, η2 = 0.05], 
orientation angle [F(1, 37) = 6.924, p = 0.012, η2 = 0.006] and their interaction [F(1, 37) = 6.058, p = 0.019, 

MA− group MA+ group T value P value

Age (years old) 37.50 ± 1.37 35.40 ± 1.53 1.110 0.271

Education levels (years) 9.90 ± 0.53 9.70 ± 0.48 0.387 0.700

Edinburgh handedness scale 93.90 ± 1.51 95.60 ± 1.38 −0.887 0.378

MMSE 28.90 ± 0.21 29.10 ± 0.18 −0.752 0.455

State-anxiety 42.70 ± 1.09 44.20 ± 1.02 −1.061 0.292

Trait-anxiety 43.90 ± 1.27 41.80 ± 1.09 1.251 0.215

Age at onset (years old) 27.70 ± 1.37

Usage amount at onset (g/day) 0.14 ± 0.02

The most amount of use (g/day) 1.30 ± 0.11

Duration of use (months) 26.60 ± 3.13

Withdrawal syndrome scale of craving 23.00 ± 0.23

Table 1. Demographics and clinical data in MA+ and MA− groups.

Foot Hand

Rightward Leftward Upward Downward

Accuracy (%)

MA− 98.7 ± 0.2 98.4 ± 0.3 99.0 ± 0.4 97.8 ± 0.4

MA+ 97.0 ± 0.5 96.5 ± 1.0 98.4 ± 0.4 97.1 ± 0.7

RT (ms)

MA− 602 ± 11 570 ± 13a 557 ± 10b 579 ± 10

MA+ 630 ± 16 630 ± 21 577 ± 12b 617 ± 12

Table 2. Accuracy and RT at leftward and rightward orientation for foot stimuli, as well as upward and 
downward orientation for hand stimuli on spatial orientation task in two groups. ap < 0.05, foot leftward 
stimulus vs. rightward stimulus for MA− group; bp < 0.05, hand upward stimulus vs. downward stimulus for 
both MA+ and MA− groups.
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η2 = 0.007] for foot stimuli on horizontal surface, respectively (Fig. 2c). Similar results were observed for factor 
group [F(1, 37) = 4.453, p = 0.042, η2 = 0.046] and orientation angle [F(1, 37) = 46.437, p < 0.001, η2 = 0.047], 
but NOT for their interaction [F(1, 37) = 3.711, p = 0.062, η2 = 0.004], for hand stimuli on vertical surface 
(Fig. 2c,d). A post-hoc analysis (Bonferroni) on horizontal surface indicated that leftward bias existed only 
in non-MA users, who responded much more quickly to leftward stimuli than rightward stimuli (t = 3.594, 
p < 0.001). The statistically significant interaction between orientation angle and group for foot stimuli would 
lend evidence towards our finding that leftward bias existed only in non-MA users, which may be attributable to 
differences between 2 groups in RT to the leftward foot  stimuli (t = 2.798, p = 0.008)(Fig. 2d). On vertical surface, 
however, both MA and non-MA users responded much more quickly to upward stimuli than to downward stim-
uli (Fig. 2c,d and Table 2). The results of Task 2 indicated that MA abuse may induce a deficit in spatial orientation 
ability, mainly on horizontal surface.

Effect of MA on visuospatial ability (Task 3). Visuospatial ability is a critical aspect of cognitive func-
tion. Task 3 was conducted to assess this ability in MA+ and MA− groups by judging the lateral of single hand or 
foot stimulus. The accuracy and RT were analyzed by repeated two-way ANOVA for within-subject factor (6 lev-
els of orientation angle: 0°, 60°, 120°, 180°, 240°, and 300° for either hand or foot), and between-subject factor (2 
groups: MA+ and MA− group). For foot stimuli, significant main effects were observed in the accuracy for factor 
group [F(1, 37) = 38.395, p < 0.001, η2 = 0.126], but NOT for orientation angle [F(5, 185) = 2.249, p = 0.051, 
η2 = 0.016] and their interaction [F(5, 185) = 0.0642, p = 0.997, η2 < 0.001]. As for hand stimuli, however, signifi-
cant main effects were found in the accuracy for factor group [F(1, 37) = 28.567, p < 0.001, η2 = 0.133], and orien-
tation angle [F(5, 185) = 26.451, p < 0.001, η2 = 0.145], but NOT for their interaction [F(5, 185) = 1.302, p = 0.265, 
η2 = 0.007]. Post-hoc analysis (Bonferroni) revealed that MA+ group exhibited poorer performance than MA− 
group at each orientation angle (p < 0.05) for either foot stimuli (Fig. 3a) or hand stimuli (Fig. 3b and Table 3).

Similarly, the results of RT demonstrated significant main effects for factor group [F(1, 37) = 17.855, p < 0.001, 
η2 = 0.10], orientation angle [F(5, 185) = 24.320, p < 0.001, η2 = 0.119] and their interaction [F(5, 185) = 2.480, 
p = 0.033, η2 = 0.011] for foot stimuli, respectively. However, significant main effects were found for group [F(1, 
37) = 17.597, p < 0.001, η2 = 0.145] and orientation angle [F(5, 185) = 71.626, p < 0.001, η2 = 0.180], but NOT 
for interaction of the two factors [F(1, 37) = 1.484, p = 0.197, η2 = 0.004] for hand stimuli. Post-hoc analysis 
suggested that MA+ group performed worse than MA- group at each orientation angle (p < 0.05) for foot stimuli 
(except 300°) (Fig. 3c) and hand stimuli (Fig. 3d and Table 3).

During the mental rotation task, the transformation of visuospatial mental image is crucial to action, nav-
igation and reasoning31. In order to determine the correlations of deficit in spatial recognition with the dura-
tion of MA use, a linear regression equation of RT was further calculated in this study between mental rotation 
time and angular disparity. Within this equation, the slope of linear regression equation means the averaged 
change associated with rotating an object for an additional degree, while the intercept reflects the contribution of 
non-rotational processes. What is more, linear relationship between mental rotation time and angular disparity 

Figure 1. Accuracy and reaction time in the simple reaction task in MA− and MA+ groups. No significant 
difference was revealed between two groups in either accuracy (a) or RT (b).
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could be used as an indication to determine either an object-based strategy or egocentric-based strategy31–35. 
Both strategies are involved in motor image, motor plan and spatial recognition which are important for daily 
life. In this regard, MA+ group was further assigned into short-term [n = 16, 9 males and 7 females, duration for 
0.5–1.5 years (0.88 ± 0.34)] and long-term [n = 22, 11 males and 11 females, duration for 2–7 years (3.1 ± 0.29)] 
sub-groups. RTs at different orientation angles from 0° to 180° were then computed after combining data of 0° 
with 360°, 60° with 300°, and 120° with 240° in each group to obtain the corresponding slope and intercept of lin-
ear regression equation with orientation angle. In these three groups, significant linear relationship was revealed 
between RT and orientation angle. Although the slope indicated similar changing speed in three groups for foot 
stimuli, relatively larger change was revealed in long-term MA users, compared with short-term MA user and 
non-MA user for hand stimuli. As for the intercept, results of within-group test by analysis of covariance showed 
either short-term or long-term MA group was larger than non-MA group both for hand stimuli and foot stimuli, 
respectively (Table 4). Taken together, the results of Task 3 suggested that MA abuse would lead to a deficit in 
visuospatial ability, which correlates with the duration of MA use.

Discussion
Although there are plenty of publications with regard to negative effects of chronic MA abuse on psychological, 
daily life and neurocognitive functions2–16, knowledge is still limited about its effect on the spatial cognitive abil-
ity. The present study found that, in comparison with non-MA users, MA abusers had similar RT and accuracy in 
the Simple Reaction Task (Fig. 1), but considerably longer RT and lower accuracy in both the spatial orientation 
task (Fig. 2) and the mental rotation task (Fig. 3), clearly indicating that MA abuse may lead to deficit in both the 
visuospatial ability and the spatial orientation ability, rather than a general deficit in attention.

As recognized, spatial orientation advantage exists in healthy population. For the majority, leftward visual field 
advantage and leftward attentional bias present on horizontal surface36–38. Evidence suggests that abnormal or 
diseased conditions would lead this slight but stable leftward attentional bias disappeared or even inversed37. For 
instance, the disappearance of leftward attentional bias and a significant rightward in attention were observed in 
health subjects deprived of sleep for 24 hours37, which is quite likely associated with the circadian-related vigilant 
variations38. Interestingly, such phenomenon was also observed in patients with right hemispheric cerebral dam-
age, who presented unilateral neglect39. It is well recognized that right hemispheric cerebrum plays an important 

Figure 2. Accuracy and reaction time at each orientation angle for both foot and hand stimuli in MA− and 
MA+ groups. Foot stimuli were oriented either leftward (240°/270°/300°) or rightward (60°/90°/120°) (a,c), 
whereas hand stimuli either upward (330°/0°/30°) or downward (150°/180°/210°) (b,d). In comparison with 
non-MA abusers, MA abusers reacted with lower accuracy for foot stimuli, and slower speed for either foot or 
hand stimuli. Furthermore, non-MA abusers but not MA abusers respond more quickly to leftward foot stimuli 
than rightward foot ones (c). All participants reacted more quickly to upward hand stimuli than downward 
hand stimuli (d). *p < 0.05, MA+ group vs. MA− group; #p < 0.05, leftward vs. rightward for foot stimuli, or 
upward vs. downward for hand stimuli.
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role in spatial processing. Once damaged, such advantage would become weaken or even disappeared40. Spatial 
bias is linked to deficient alertness. Change of alertness level with shift in spatial attention may account for the 
rightward spatial bias, occasionally seen in adult neglect patient41. In this regard, special attention should be paid 
on those patients for their safety in daily life activity. In parallel, consideration should be taken into such abilities 
for those careers requiring highly developed spatial abilities or navigation in real and virtual environments (such 
as pilots, engineers, and architects).

In the present study, leftward attentional bias existed in non-MA abusers in the Spatial Orientation Task, who 
took shorter RT to judge the orientation of leftward foot pictures than that of rightward ones. On the contrary, 
such bias was not observed in MA abusers. Meanwhile, in comparison with non-MA users, MA abusers took 
longer RT to judge the orientation of leftward, but NOT rightward foot pictures (Fig. 2). Such phenomena quite 
likely relate to MA abuse-induced damage in cortical grey and white matter. During the Traditional Stroop Task, 
less activation was detected in MA abusers than control subjects in right-inferior-frontal gyrus, motor cortex, 
anterior-cingulate gyrus and anterior-insular cortex under incongruent condition42. Differences in task-related 
activity were also demonstrated in certain cortical regions when performing a facial affect matching task between 
MA-dependent and healthy participants, with the former exhibiting less activation in right hemisphere includ-
ing the ventrolateral-prefrontal cortex, tempero-parietal junction, anterior/posterior-temporal cortex, as well 
as fusiform gyrus43. In addition to cortical regions in right hemisphere, white matter may also be damaged by 
MA abuse. After examining diffusion tensor measures (DTM) in frontal white matter and basal ganglia, lower 
fractional anisotropy (FA) was revealed in MA abusers in right frontal white matter, implying axonal injury44. It 
is therefore believed that MA abuse may mainly target the right hemisphere, leading to different performances on 
the horizontal surface observed in the present study.

Our findings also showed that all participants spent much shorter RT to judge the direction of upward hand 
pictures than downward pictures, clearly indicating an upward advantage on vertical surface (Fig. 2). Similarly, 
Lee et al.45 ever reported that human brain responds to the stimulus in the upper-left visual filed much more 
quickly than that in the lower-left field. In the daily life, upward hand pictures are relatively more often presented, 
which may be linked with the upward advantage observed in this work. Relative to downward hand pictures, 
people trends to be more familiar with upward hand pictures and therefore spends less time to respond. It has 
been confirmed that shorter time would be taken to respond those stimuli in accordance with body part positions 
and easy to keep with (familiar positions)46,47. Also participants performed faster and made fewer errors in the 
anatomically possible-body locations (familiar pictures) compared with the anatomically impossible locations on 
the Mental Rotation Task34. Additionally, RT to human picture depends on body location as well. For example, 

Figure 3. Accuracy and reaction time at each orientation on both hand and foot laterality tasks in MA- and 
MA+ groups. During the tasks, both foot and hand stimuli were oriented at 0°, 60°, 120°, 180°, 240°, and 300°, 
respectively. Significantly lower accuracy was found in MA+ group than MA− group at each orientation angle 
for either foot (a) or hand stimuli (b). As for reaction time, MA+ group preformed poorer than MA− group for 
foot stimuli at each orientation (with exception of 300°) (c) and for hand stimuli (d). *p < 0.05, MA+ group vs. 
MA− group.
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mental rotation time was much less with hands putting on their knees than with their fingers intertwined behind 
their backs48. Taken together, performance on the vertical surface largely depends on the familiarity of stimulus.

Mental rotation performance was also examined, during which the same set of human body picture was 
applied as the stimulus, to assess two different mental rotation strategies, namely, object-based strategy and 
egocentric-based strategy). For the former one, participants only have to rotate or translate the body/body part in 
imagery and observe two simultaneously presented pictures without changing their egocentrism. During the so 
called “the same-different task”, two pictures are judged as the same (non-mirror images) or not (mirror images), 
without considering their views and angular orientations. The latter one, on the other hand, is designed to assess 
the egocentric-based strategy, by judging which side a body part belongs to, the participant would instinctively 
imagine his/her body position in line with the stimulus picture34,49. It has been extensively reported that the men-
tal rotation reaction time would change with angular disparity34,50–53. Consistently, our findings showed that RT 
increased progressively with the angle of stimulus picture increasing from 0° to 180°, and subsequently decreased 
with the angle further increasing from 180° to 300°, for both foot and hand stimuli (Fig. 3). Moreover, consider-
ably poor visuospatial ability was confirmed in MA abusers, reflected by their performances in accuracy and RT 
at each orientation angle for either foot or hand stimuli. It was further supported by the longer intercept in MA 
abusers for either foot or hand stimuli and higher slope in long-term MA group (Table 4).

A linear relationship was revealed between RT and angular disparity within 0° to 180° in both groups, which 
is similar to Jansen’s study on the elderly34. Nevertheless, in Zacks’s study32, linear relationship was observed in 
an object-based same-different task, but not in an egocentric-based left-right mental rotation task. As a com-
mon sense, the imagination of rotating single hand stimulus involves physiological body movement, thus being 
regarded as one kind of egocentric-based mental rotation strategy34,50–53. However, evidence indicates that people 
sometimes tends to view a single hand picture as an object. Devlin et al.54 ever assessed the mental rotation ability 
using picture of alphanumeric character (5 or R), a single 3D photographed hand, or the whole-body as stimulus. 
For either younger or older adult, the regression line between RT and angular disparity fitted much better for 
alphanumeric character and single-hand stimulus, than for whole-body stimulus. Similar to the results of Devlin 
et al.54 and Parsons et al.55, our finding of a linear relationship in single hand/foot Mental Rotation Task, supports 
the idea that a single hand picture as an object is involved in object-based strategy. That is to say, the processing 
of single hand/foot mental rotation in this work may involve both the object-based and egocentric-based mental 
rotation strategies.

The inverse of the slope of regression line between RT and angular disparity gives an indication of mental 
rotation speed change34,56. The intercept of RT regression equation reflects the processes of perceptual compari-
son stage and decision stage on the Mental Rotation Task34,57. In comparison with non-MA users, long-term MA 
group had higher slope, indicating that MA abuse with longer duration had more negative effect on spatial pro-
cess speed. Meanwhile, both long-term and short-term MA abusers exhibited larger intercept on the single hand 

Accuracy (%) RT (ms)

0° 60° 120° 180° 240° 300° 0° 60° 120° 180° 240° 300°

Foot

MA− 91.9 ± 0.8 91.2 ± 1.4 90.9 ± 1.6 88.0 ± 1.5 90.8 ± 1.4 92.2 ± 1.2 1330 ± 24 1425 ± 19 1468 ± 24 1546 ± 29 1480 ± 25 1412 ± 18

MA+ 84.5 ± 1.8a 83.8 ± 1.3a 82.3 ± 2.0a 80.2 ± 2.2a 82.3 ± 2.4a 84.5 ± 1.9a 1489 ± 27b 1565 ± 37b 1649 ± 38b 1688 ± 40b 1573 ± 36b 1459 ± 29b

Hand

MA− 97.1 ± 0.8 97.1 ± 1.1 91.8 ± 1.7 87.5 ± 1.4 96.0 ± 1.1 98.2 ± 0.8 1235 ± 32 1327 ± 37 1453 ± 45 1574 ± 37 1443 ± 42 1260 ± 34

MA+ 92.2 ± 1.1a 88.9 ± 1.9a 84.6 ± 2.2a 76.5 ± 1.8a 85.6 ± 2.3a 89.8 ± 1.9a 1481 ± 32b 1530 ± 38b 1659 ± 44b 1836 ± 38b 1592 ± 38b 1484 ± 39b

Table 3. Accuracy and RT at each orientation for hand and foot stimuli on mental rotation task in two groups. 
ap < 0.05, MA+ group vs. MA− group for foot and hand stimulus for accuracy. bp < 0.05, MA+ group vs. MA− 
group for foot and hand stimulus for RT.

RT (ms)

0° 60° 120° 180° Slope (ms/°) Intercept (ms) R2 P

Foot

MA− 1328 ± 24 1420 ± 15 1479 ± 21 1541 ± 29 1.16 1337.2 0.988 0.006

Short-term MA+ 1475 ± 50 1540 ± 53 1625 ± 63 1683 ± 74 1.18 1474.3a 0.995 0.002

Long-term MA+ 1520 ± 33 1559 ± 55 1607 ± 57 1696 ± 43 0.96 1509.1a 0.961 0.020

Hand

MA− 1237 ± 32 1296 ± 32 1448 ± 38 1574 ± 37 1.94 1214.3 0.974 0.013

Short-term MA+ 1495 ± 58 1552 ± 63 1629 ± 74 1781 ± 48 1.56 1474.0b 0.922 0.026

Long-term MA+ 1475 ± 35 1518 ± 45 1671 ± 53 1868 ± 51 2.22b 1433.2b 0.935 0.033

Table 4. RT at different orientation angles on both hand and foot laterality tasks, as well as the slopes and 
intercepts of linear regression equation on RT in two groups. ap < 0.05, short-term/long-term MA+ group vs. 
MA− group for foot stimulus; bp < 0.05, short-term/long-term MA+ group vs. MA− group for hand stimulus.
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and foot Mental Rotation Task, implying that MA abuse has negative impact in the perceptual comparison stages 
and the decision processes. Wang et al.58 ever investigated the effect of abstinent time on decision-making using 
the Iowa Gambling Task, and suggested that MA abuse has long-lasting influence on the decision-making perfor-
mance for at least 3 months. More recently, brain activation was examined during the decision-making task with 
an aversive interoceptive challenge (anticipating and experiencing episodes of inspiratory breathing load) using 
functional magnetic resonance imaging. The poor decision-making performance in MA abuser was related to 
inadequate activation of many brain areas, including anterior insula (AI), inferior-frontal gyrus (IFG), posterior 
insula (PI) and anterior cingulate cortex (ACC)59. Thus, poor performance in the Mental Rotation Task observed 
in MA abusers, especially in long-term MA group, may be attributable to the deficits in the above-mentioned 
brain areas. Further investigations are warranted to prove this hypothesis.

In summary, our findings suggested that MA abuse may lead to a general deficit in the visuospatial ability and 
the spatial orientation ability. It may mainly target the right hemisphere, leading to a changing performance on 
the horizontal surface. As for the visuospatial ability, MA abuse has negative impact in the perceptual compari-
son stages and the decision processes. Moreover, both the cognitive speed and the accuracy were affected on the 
Mental Rotation Task, however, only the cognitive speed on the Spatial Orientation Task, which indicates that MA 
abuse may affect the abuser’s visuospatial ability more seriously than spatial orientation ability.

Methods
Participants. Figure 4 illustrated the flowchart of this study. Briefly, a total of forty MA users (MA+ group, 
20 males and 20 females) and 40 healthy non-drug users (MA− group, 20 males and 20 females) participated in 
this study. They were screened and recruited from Shanghai Compulsory Isolation Detox Center from September 
2012 to April 2013. They were generally healthy by physical examination, medical history, and laboratory tests. 
The protocol was approved by the Ethics Committee of Capital Medical University, China. The complete details 
of the entire study design and procedures involved were in accordance with the Declaration of Helsinki. Written 
informed consent was obtained prior to participation.

MA+ subjects were included only if they fulfilled the following criteria: 1) were ≥18 years of age; 2) met 
DSM-IV-TR (Disorders listed in the Diagnostic and Statistical Manual of Mental Disorders—Forth edition, 
DSM-IV-TR American Psychiatric Association, 2000) criteria for a history of MA abuse with average use of at 
least 0.2 g/day, at least 2 days/week, for at least 6 months; 3) had been abstinent from MA use for about 14 days 
with the last consumption within 3 weeks before the experimental day; 4) provided a negative urine drug screen 
for cocaine, opiates, benzodiazepines, and cannabinoids; 5) did not have a history of abuse on other substances 
including alcohol, tobacco, cocaine, opiates, cannabis and barbiturates; and 6) were right-handed, and had nor-
mal vision or normal corrected visual acuity. MA− subjects also met all these criteria but a history of drug abuse. 
For both MA+ and MA− subjects, exclusion criteria included co-morbid or history of psychiatric illness, neuro-
logical disorder, or major chronic medical illnesses that may confound the results or analysis of this study; use of 
medications that affect the central nervous system; and pregnant.

MA+ subjects were evaluated by their drug use history and psychiatric condition during face-to-face inter-
view. The influence of MA abuse on the subject’s life was assessed with the clinic institute withdrawal syndrome 
scale of craving, MMSE, and state-trait anxiety inventory (STAI). The psychiatric symptoms were assessed by the 
Symptom Checklist-90 (SCL-90) questionnaire.

Figure 4. Research flowchart of this project.
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Experimental Procedure. All experiments were preformed in a soundproof, light-isolated chamber with 
temperature of 25 ± 1 °C. Subjects were seated in the front of a 17 inch computer screen (Lenovo ColorSync), 
58 cm away from their eyes. Each stimulus, presented in the center of monitor with a width of 3.6~7.1 cm and a 
height of 5.1~7.1 cm, was controlled with E-Prime (Psychology Software Tools Inc., Pittsburgh, USA) (Fig. 5a).

As for each task, training trial identical to the formal one was initially conducted for 20 times. During Task 
1, subjects were asked to focus on the center of monitor, and press the key of mouse as quickly and accurately as 
possible by the right hand (left key for hand picture and right key for foot picture) (Fig. 5b). During Task 2 and 3 
(Fig. 5c), a fixation cross “+” was first presented in the middle of monitor for 500 ms, followed by a target stimulus 
(hand/foot picture) for 3000 ms. Each subject was instructed to keep his eye on the center of monitor and press 
the left or right mouse button (left or right-click) according to either the direction of finger or toe during Task 2, 
or the laterality (left or right) of hand or foot during Task 340. Once the button was pressed, the stimulus on the 
screen would disappear immediately, followed by a blank interval of 500 ms.

Materials. Each participant conducted 3 tasks in random order, namely, the Simple Reaction Task (Task 1), the 
Spatial Orientation Task (Task 2), and the Mental Rotation Task (Task 3), among which the last two tasks are commonly 
used to examine the spatial function34,60–62. Stimuli in Task 1 were two pictures, one upright hand and one upright foot. 
Nevertheless, stimuli in Task 2 and 3 consisted of 6 naturalistic color pictures of either hand or foot, respectively. The 
left hand or foot was actually mirror image of the original right one. During Task 2, stimuli were presented in 2 different 
views (dorsum, palm/plantar) and oriented in one of 6 clockwise orientation angles (0°, 30°, 150°, 180°, 210° and 330° 
for foot stimuli, as well as 60°, 90°, 120°, 240°, 270° and 300° for hands stimuli) (Fig. 5d). On the other hand, stimuli in 
Task 3 were presented in 2 different views (dorsum, palm/plantar) and oriented in one of 6 clockwise orientation angles 
(0°, 60°, 120°, 180°, 240°, and 300°) in a random order, with 0° defined as the upright orientation with the fingers/toes 
pointing upwards35 (Fig. 5e). A total of 258 stimuli were included in either Task 2 or Task 3.

Figure 5. A diagram to illustrate the experimental procedures. Subjects were seated in the front of a computer 
screen to perform the Simple Reaction Task (Task 1), the Spatial Orientation Task (Task 2), and the Mental 
Rotation Task (Task 3) in a random order (a). During Task 1, each subject was asked to press the key of mouse 
as quickly and accurately as possible by the right hand (b). During Task 2 and 3 (c), each subject was instructed 
to press the left or right mouse button (left or right-click) according to either the direction of finger or toe 
during Task 2, or the laterality (left or right) of hand or foot during Task 3. Stimuli in Task 2 were presented in 2 
different views and oriented in one of 6 clockwise orientation angles (0°, 30°, 150°, 180°, 210° and 330° for foot 
stimuli, as well as 60°, 90°, 120°, 240°, 270° and 300° for hand stimuli (d). As for Task 3, stimuli were presented 
in 2 different views and oriented in one of 6 clockwise orientation angles (0°, 60°, 120°, 180°, 240°, and 300°) in a 
random order (e).
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Data analysis. For each trial, the accuracy and RT were automatically recorded. Accuracy was defined as the 
number of correct response (in percentage) in relation to the original number of response, and RT as the time 
period from the stimulus onset to the participant’s response. Only those trials with RTs in the range of 300 ms 
and 3000 ms were included for further data analysis. Statistical analyses were performed using SigmaStat 3.5 
(SAS Institute Inc., Cary, NC). Group differences were analyzed in demographics and clinical characteristics as 
well as experimental data using independent samples t tests or repeated two-way ANOVA (analysis of variance) 
where appropriate. Bonferroni t-test was conducted as post-hoc test to analyze differences between-subjects, and 
within-subjects (two-tailed). η2 (Eta squared) was calculated to show the effect size in ANOVA. Results were 
expressed as the mean ± standard error. Statistical significance was set at p < 0.05.

References
 1. Kalix, P. & Braenden, O. Pharmacological aspects of the chewing of khat leaves. Pharmacol Rev 37, 149–164 (1985).
 2. Meredith, C. W., Jaffe, C., Anglee, K. & Saxon, A. J. Implications of chronic methamphetamine use: Literature review. Harv Rev 

Psychiatry 13, 141–154 (2005).
 3. Breen, M. S. et al. Candidate gene networks and blood biomarkers of methamphetamine-associated psychosis: an integrative RNA-

sequencing report. Transl Psychiatry 6, e802 (2016).
 4. Fassbender, C., Lesh, T. A., Ursu, S. & Salo, R. Reaction time variability and related brain activity in methamphetamine psychosis. 

Biol Psychiatry 77, 465–474 (2015).
 5. McKetin, R., McLaren, J., Lubman, D. I. & Hides, L. The prevalence of psychotic symptoms among methamphetamine users. 

Addiction 101, 1473–1478 (2006).
 6. Shoptaw, S., Peck, J., Reback, C. J. & Rotheram-Fuller, E. Psychiatric and substance dependence comorbidities, sexually transmitted 

diseases, and risk behaviors among methamphetamine dependent gay and bisexual men seeking outpatient drug abuse treatment. J 
Psychoactive Drugs 35, 161–168 (2003).

 7. Plüddemann, A. et al. Monitoring the prevalence of methamphetamine-related presentations at psychiatric hospitals in Cape Town, 
South Africa. Afr J Psychiatry (Johannesbg) 16, 45–49 (2013).

 8. Cretzmeyer, M., Sarrazin, M. V., Huber, D. L., Block, R. I. & Hall, J. A. Treatment of methamphetamine abuse: Research findings and 
clinical directions. J Subst Abuse Treat 24, 267–277 (2003).

 9. Solomon, T. M. et al. Personality traits and mental health states of methamphetamine-dependent and methamphetamine non-using 
MSM. Addict Behav 35, 161–163 (2010).

 10. Semple, S. J., Patterson, T. L. & Grant, I. A comparison of injection and non-injection methamphetamine-using HIV positive men 
who have sex with men. Drug Alcohol Depend 76, 203–212 (2004).

 11. Semple, S. J., Zians, J., Grant, I. & Patterson, T. L. Impulsivity and methamphetamine use. J Subst Abuse Treat 29, 85–93 (2005).
 12. Weber, E. et al. Neurocognitive deficits are associated with unemployment in chronic methamphetamine users. Drug Alcohol 

Depend 125, 146–153 (2012).
 13. London, E. D. et al. Cerebral metabolic dysfunction and impaired vigilance in recently abstinent methamphetamine abusers. Biol 

Psychiatry 58, 770–778 (2005).
 14. Price, K. L. et al. The Impact of clinical and demographic variables on cognitive performance in methamphetamine-dependent 

individuals in rural South Carolina. Am J Addict 20, 447–455 (2011).
 15. Casaletto, K. B. et al. Depression and executive dysfunction contribute to a metamemory deficit among individuals with 

methamphetamine use disorders. Addict Behav 40C, 45–50 (2015).
 16. Morgan, E. E. et al. Visual memory in methamphetamine dependent individuals: deficient strategic control of encoding and 

retrieval. Australian N Z J Psychiatry 46, 141–152 (2012).
 17. Vorhees, C. V. et al. Effects of (+)-methamphetamine on pathintegration and spatial learning, but not locomotor activity or acoustic 

startle, align with the stress hyporesponsive period in rats. Int J Dev Neurosci 27, 289–298 (2009).
 18. Coccurello, R., Oliverio, A. & Mele, A. Impairing effect of amphetamine and concomitant ionotropic glutamate receptors blockade 

in the ventral striatum on spatial learning in mice. Psychopharmacology (Berl) 227, 651–660 (2013).
 19. Macúchová, E., Nohejlová, K. & Slamberová, R. Gender differences in the effect of adult amphetamine on cognitive functions of rats 

prenatally exposed to methamphetamine. Behav Brain Res 270, 8–17 (2014).
 20. Hrebíčková, I., Ševčíková, M., Nohejlová, K. & Šlamberová, R. Does effect from developmental methamphetamine exposure on 

spatial learning and memory depend on stage of neuroontogeny? Physiol Res 22, S577–S589 (2016).
 21. Hrubá, L., Schutová, B., Pometlová, M., Rokyta, R. & Slamberová, R. Effect of methamphetamine exposure and cross-fostering on 

cognitive function in adult male rats. Behav Brain Res 17, 63–71 (2010).
 22. Zhong, N. et al. The cognitive impairments and psychological wellbeing of methamphetamine dependent patients compared with 

health controls. Prog Neuropsychopharmacol Biol Psychiatry 69, 31–37 (2016).
 23. Macúchová, E., Ševčíková, M., Hrebíčková, I., Nohejlová, K. & Šlamberová, R. How various drugs affect anxiety-related behavior in 

male and female rats prenatally exposed to methamphetamine. Int J Dev Neurosci 51, 1–11 (2016).
 24. Brennan, K. A., Carati, C., Lea, R. A., Fitzmaurice, P. S. & Schenk, S. Effect of D1-like and D2-like receptor antagonists on 

methamphetamine and 3,4-methylenedioxymethamphetamine self-administration in rats. Behav Pharmacol 20(8), 688–694 (2009).
 25. Roiser, J. P., Rogers, R. D. & Sahakian, B. J. Neuropsychological function in ecstasy users: a study controlling for polydrug use. 

Psychopharmacology(Berl). 189, 505–516 (2007).
 26. Fisk, J. E., Montgomery, C. & Hadjiefthyvoulou, F. Visuospatial working memory impairment in current and previous ecstasy/

polydrug users. Hum. Psychopharmacol Clin Exp 26, 313–321 (2011).
 27. Murphy, P. N. et al. The effects of ‘ecstasy’ (MDMA) on visuospatial memory performance: findings from a systematic review with 

meta-analyses. Hum Psychopharmacol 27, 113–138 (2012).
 28. Linn, M. C. & Petersen, A. C. Emergence and characterization of sex differences in spatial ability: A Meta analysis. Child Dev 56, 

1479–1498 (1985).
 29. Voyer, D., Voyer, S. & Bryden, M. P. Magnitude of sex differences in spatial abilities: a meta-analysis and consideration of critical 

variables. Psychol Bull 117, 250 (1995).
 30. Höffler, T. N. Spatial ability: Its influence on learning with visualizations—a meta-analytic review. Educ Psychol Rev 22, 245–69 

(2010).
 31. Zacks, J. M. & Michelon, P. Transformations of visuospatial images. Behav Cogn Neurosci Rev 4(2), 96–118 (2005).
 32. Zacks, J. M., Ollinger, J. M., Sheridan, M. A. & Tversky, B. A parametric study of mental spatial transformations of bodies. 

Neuroimage 16, 857–872 (2002).
 33. Zacks, J. M., Gilliam, F. & Ojemann, J. G. Selective disturbance of mental rotation by cortical stimulation. Neuropsychologia 41, 

1659–1667 (2003).
 34. Jansen, P. & Kaltner, S. Object-based and egocentric mental rotation performance in older adults: the importance of gender 

differences and motor ability. Neuropsychol Dev Cogn B Aging Neuropsychol Cogn 21(3), 296–316 (2014).
 35. Hirschfeld, G., Thielsch, M. T. & Zernikow, B. Reliabilities of mental rotation tasks: limits to the assessment of individual differences. 

Biomed Res Int 2013, 340568 (2013).



www.nature.com/scientificreports/

1 0SCIeNtIFIC RepoRts |  (2018) 8:5502  | DOI:10.1038/s41598-018-23828-y

 36. Dickinson, C. A. & Intraub, H. Spatial asymmetries in viewing and remembering scenes: consequences of an attentional bias? Atten 
Percept Psychophys 71, 1251–1262 (2009).

 37. Manly, T., Dobler, V. B., Dodds, C. M. & George, M. A. Rightward shift in spatial awareness with declining alertness. 
Neuropsychologia 43, 1721–1728 (2005).

 38. Schmitz, R., Deliens, G., Mary, A., Urbain, C. & Peigneux, P. Selective modulations of attentional asymmetries after sleep 
deprivation. Neuropsychologia 49, 3351–3360 (2011).

 39. Bartolomeo, P. Visual neglect. Current Opinion in Neurology 20, 381–386 (2007).
 40. Heilman, K. M., Valenstein, E. & Watson, R. T. Neglect and related disorders. Semin Neurol 20, 463–470 (2000).
 41. Uhlmann, A. et al. Fronto-temporal alterations and affect regulation in methamphetamine dependence with and without a history 

of psychosis. Psychiatry Res 248, 30–38 (2016).
 42. Nestor, L. J., Ghahremani, D. G., Monterosso, J. & London, E. D. Prefrontal hypoactivation during cognitive control in early 

abstinent methamphetamine-dependent subjects. Psychiatry Res 194, 287–295 (2011).
 43. Payer, D. E. et al. Differences in cortical activity between methamphetamine-dependent and healthy individuals performing a facial 

affect matching task. Drug Alcohol Depend 93, 93–102 (2008).
 44. Alicata, D., Chang, L., Cloak, C., Abe, K. & Ernst, T. Higher diffusion in striatum and lower fractional anisotropy in white matter of 

methamphetamine users. Psychiatry Res 174, 1–8 (2009).
 45. Lee, B. et al. Human brain response to visual stimulus between lower/upper visual fields and cerebral hemispheres. Int J Psychophysiol 

74, 81–87 (2009).
 46. Petit, L. S., Pegna, A. J., Mayer, E. & Hauert, C. A. Representation of anatomical constraints in motor imagery: Mental rotation of a 

body segment. Brain Cogn 51, 95–101 (2003).
 47. Fiorio, M., Tinazzi, M. & Aglioti, S. M. Selective impairment of hand mental rotation in patients with focal hand dystonia. Brain 

128(Pt 6), 47–54 (2008).
 48. Ionta, S., Fourkas, A. D., Fiorio, M. & Aglioti, S. M. The influence of hands posture on mental rotation of hands and feet. Exp Brain 

Res 183, 1–7 (2007).
 49. Grabherr, L. et al. Mental own-body and body-part transformations in microgravity. J Vestib Res 17, 279–287 (2007).
 50. Dalecki, M., Dern, S. & Steinberg, F. Mental rotation of a letter, hand and complex scene in microgravity. Neurosci Lett 533, 55–59 (2013).
 51. Steggemann, Y., Kai, E. & Weigelt, M. Selective effects of motor expertise in mental body rotation tasks: Comparing object-based and 

perspective transformations. Brain Cogn 76, 97–105 (2011).
 52. Hoyek, N., Di, R. F., Collet, C., Creveaux, T. & Guillot, A. Hand mental rotation is not systematically altered by actual body position: 

Laterality judgment versus same-different comparison tasks. Atten Percept Psychophys 76, 519–526 (2014).
 53. Markus, K., Michel-Ange, A. & Mirjam, E. Mental rotation and the motor system: embodiment head over heels. Acta Psychol(Amst) 

145C, 104–110 (2013).
 54. Devlin, A. L. & Wilson, P. H. Adult age differences in the ability to mentally transform object and body stimuli. Neuropsychol Dev 

Cogn B Aging Neuropsychol Cogn 17, 709–729 (2010).
 55. Parsons, L. M. Imagined spatial transformation of one’s hands and feet. Cogn Psychol 19, 178–241 (1987).
 56. Frick, A., Daum, M. M., Walser, S. & Mast, F. W. Motor processes in children’s mental rotation. J Cogn Dev 10, 18–40 (2009).
 57. Karádi, K., Kállai, J. & Kovács, B. Cognitive subprocesses of mental rotation: why is a good rotator better than a poor one? Percept 

Mot Skills 93, 333–337 (2001).
 58. Wang, G. et al. Effects of length of abstinence on decision-making and craving in methamphetamine abusers. Plos One 8, e68791 

(2013).
 59. Stewart, J. L. et al. You are the danger: Attenuated insula response in methamphetamine users during aversive interoceptive decision-

making. Drug Alcohol Depend 142, 110–119 (2014).
 60. Curtze, C., Otten, B. & Postema, K. Effects of lower limb amputation on the mental rotation of feet. Exp Brain Res 201, 527–534 (2010).
 61. Ionta, S., Perruchoud, D., Draganshi, B. & Blanke, O. Body context and posture affect mental imagery of hands. Plos one 7, e34382 (2012).
 62. Katschnig, P. et al. Mental rotation of body parts and sensory temporal discrimination in fixed dystonia. Movement Disorders 25, 

1061–1067 (2010).

Acknowledgements
This work was supported by Key Basic Clinic Science Foundation of Capital Medical University (14JL01) and 
Undergraduate research innovation project of Capital Medical University (No. XSKY2016).

Author Contributions
Y.L., J.L., and G.N. conceived of the study, participated in the design and wrote most of the manuscript. J.B., Z.Z., 
L.Z., S.H. and X.S. performed the experiments. J.B. and Z.Z. analysed data and helped to draft the manuscript. All 
authors read and approved the final manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	Effects of methamphetamine abuse on spatial cognitive function
	Results
	Demographics and clinical characteristics in two groups. 
	Effect of MA on simple reaction task (Task 1). 
	Effect of MA on spatial orientation ability (Task 2). 
	Effect of MA on visuospatial ability (Task 3). 

	Discussion
	Methods
	Participants. 
	Experimental Procedure. 
	Materials. 
	Data analysis. 

	Acknowledgements
	Figure 1 Accuracy and reaction time in the simple reaction task in MA− and MA+ groups.
	Figure 2 Accuracy and reaction time at each orientation angle for both foot and hand stimuli in MA− and MA+ groups.
	Figure 3 Accuracy and reaction time at each orientation on both hand and foot laterality tasks in MA- and MA+ groups.
	Figure 4 Research flowchart of this project.
	Figure 5 A diagram to illustrate the experimental procedures.
	Table 1 Demographics and clinical data in MA+ and MA− groups.
	Table 2 Accuracy and RT at leftward and rightward orientation for foot stimuli, as well as upward and downward orientation for hand stimuli on spatial orientation task in two groups.
	Table 3 Accuracy and RT at each orientation for hand and foot stimuli on mental rotation task in two groups.
	Table 4 RT at different orientation angles on both hand and foot laterality tasks, as well as the slopes and intercepts of linear regression equation on RT in two groups.




