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The Neural Basis of Mark Making: A Functional MRI Study

of Drawing

Ye Yuan, Steven Brown*

Department of Psychology, Neuroscience & Behaviour, McMaster University, Hamilton, Ontario, Canada

Abstract

Compared to most other forms of visually-guided motor activity, drawing is unique in that it “leaves a trail behind” in the
form of the emanating image. We took advantage of an MRI-compatible drawing tablet in order to examine both the motor
production and perceptual emanation of images. Subjects participated in a series of mark making tasks in which they were
cued to draw geometric patterns on the tablet’s surface. The critical comparison was between when visual feedback was
displayed (image generation) versus when it was not (no image generation). This contrast revealed an occipito-parietal
stream involved in motion-based perception of the emerging image, including areas V5/MT+, LO, V3A, and the posterior
part of the intraparietal sulcus. Interestingly, when subjects passively viewed animations of visual patterns emerging on the
projected surface, all of the sensorimotor network involved in drawing was strongly activated, with the exception of the
primary motor cortex. These results argue that the origin of the human capacity to draw and write involves not only motor
skills for tool use but also motor-sensory links between drawing movements and the visual images that emanate from them

in real time.
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Introduction

Images refer to visual patterns created on surfaces, generally on
flat surfaces (such as canvases or cave walls) but also on three-
dimensional objects (such as human bodies or ceramic vases). This
includes the products of both drawing and writing as well as a
third category of images that Elkins [1] refers to as “notation”,
including musical notation, mathematical formulas, and a host of
other images that are categorized as neither pictures (drawing) nor
words (writing).

From a motor-control perspective, drawing can be thought of as
being similar to most other forms of visuo-manual activity,
including the ones that neuroscientists typically study, such as
reaching, grasping, object manipulation, pointing, and gesturing
[2]. It involves visual guidance of hand movement towards a target
though hand/eye coordination. Drawing also shows similarities
with forms of tool use (e.g., joystick movement), as it invariably
involves use of a drawing tool. Drawing, therefore, is similar to
other forms of manual activity in that it is a dynamic sensorimotor
process.

However, it differs from all these forms of motor activity in an
important respect: i leaves a trail behind. In other words, an
image emerges through the process of performing the motor
activity. We will use the term “emanation” to refer to this
emergence of an image as drawing progresses. Emanation applies
to writing as much as drawing, since writing too is a form of image
generation. Therefore, while pictures themselves are generally
considered to be static objects — making them standard stimuli for
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studies of “neuroaesthetics” [3] — drawing itself is a dynamic
process both in the sense that it requires visually-guided
coordination of the eyes, hands and body, and more uniquely
that it involves emanation of an image, in other words the
intentional laying down of a trail on a surface as the movement
occurs.

Many previous neuroimaging studies of drawing have had a
strong limitation in that subjects’ perception of emanation during
drawing was limited by a lack of visual feedback in the scanning
situation. The major modalities for drawing in these studies
included drawing in the air [4] and drawing on a pad sitting on the
body or on a writing board using a drawing tool [5-8,9] or a finger
alone [10]. Several studies have had subjects draw covertly using
mental imagery alone [5,11,12]. In some studies of overt
production, the eyes were kept closed during the drawing task
[7,10]. In certain studies in which the eyes were open, no visual
activations were reported [4]. Curiously enough, the very first
imaging study of drawing [13] performed a tracing task using
positron emission tomography (PET) in which subjects were
indeed able to see their tracings via a back-projection system (see
also [9,14]). Studies of air drawing and imagined drawing, beyond
having feedback limitations, provide no behavioral data on subject
performance (whereas pad studies produce drawings).

More recently, a small number of drawing studies have used
MRI-compatible drawing devices that are able to provide visual
feedback to subjects during drawing, thus permitting the capacity
to perform tracing tasks in the MRI scanner. These include the use

October 2014 | Volume 9 | Issue 10 | €108628

CrossMark

click for updates


http://creativecommons.org/licenses/by/4.0/
http://www.nserc-crsng.gc.ca/index_eng.asp
http://www.nserc-crsng.gc.ca/index_eng.asp
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0108628&domain=pdf

of an MRI-compatible mouse [15-16] and drawing tablet [17—
20]. The current study took advantage of the MRI-compatible
drawing tablet devised by Tam et al. [19]. This tablet not only
provides visual feedback to subjects but furnishes a means of
recording all the drawing movements of the subject, permitting
video reconstruction of drawing trajectories and thus behavioral
performance during drawing. It also provides a means of
manipulating visual feedback to the subject during drawing, for
example the ability to eliminate visual feedback, as was done in the
present study (see also Thaler & Goodale [20]).

Drawing can occur in three principal ways: from memory, as
copying, or as tracing. Whereas writing is almost always done from
memory, drawing is done equally commonly as copying (for
example, drawing a sitter’s portrait) and as drawing from memory.
In like form, most neuroimaging studies of drawing have had
subjects generate images either from memory [6-8,10,14,16,21] or
as a copying task [4,5,8,9,11,14,16,18]. Tracing has been
restricted to the few studies that have provided visual feedback
to subjects in the scanner [13-16,18].

The abovementioned neuroimaging literature for drawing has
produced a reliable set of findings. This includes not only expected
activations in the left primary motor cortex and right cerebellum
for right-handed drawing but quite often activity in the posterior
parietal cortex, including the cortex of the intraparietal sulcus
(IPS). The IPS is involved in creating a transformation between
retinotopic coordinates in visual space and egocentric motor
coordinates in effector space, thereby supporting visual guidance
of hand movement [22]. Such activity must be coordinated with
eye movement as well, since eye position defines retinotopic
position. Posterior parietal activations tend to either be either
ipsilateral to the motor-cortex activations or bilateral. Other
common activations have been found in the frontal eye fields
(FEF), inferior frontal gyrus (IFG), and precuneus. Studies that
have provided visual feedback to subjects have been the most
informative since they have observed visual activations as well. For
example, Ogawa and Inui [16] had subjects perform both copying
and tracing of curved lines using an MRI-compatible mouse with
visual feedback. While tracing gave no residual activations beyond
copying, copying gave additional activations in V1, V2, IPS, IFG
and pre-supplementary motor area (SMA), most likely reflecting
the greater spatial demands of copying compared to tracing in
recreating the visual properties of the drawn object.

The principal objective of the current study was to examine the
neural basis of image generation and its emanative component
through the performance of mark making tasks while taking
advantage of the precision and flexibility conferred by using an
MRI-compatible drawing tablet, not least the ability of subjects to
see what they were drawing and for visual feedback to be
manipulated. A critical comparison was between when visual
feedback was displayed on the projected screen (image generation)
versus when it was not (“blind drawing”, the situation of many
previous imaging studies of drawing). This contrast should allow us
to isolate brain areas important for emanation in drawing. In a
perceptual control condition, we had subjects passively view an
animation of an image emerging in time on the projected surface.
This motion-perception task should likewise reveal brain areas
important for emanation. Finally, we included the additional
condition of copying in order to examine a drawing task that has a
stronger spatial-processing demand than a task done from
memory. We predicted that, unlike most previous studies of
drawing, we would observe activations in parts of the brain
involved in motion perception, eye movement, and hand/eye
coordination, allowing us to establish a basic sensorimotor network
for drawing in the brain, one that includes neural areas for
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emanation as central components but that are missing in all
previous studies in which visual feedback was lacking.

Materials and Methods

Subjects

Fifteen right-handed subjects (9 females, mean age 25 years old,
range 18-35 years old) participated in the study after giving their
informed consent (McMaster Research Ethics Board, McMaster
University). Handedness was tested using the Edinburgh handed-
ness inventory [23]. Subjects had normal or corrected-to-normal
vision and no history of neurological disorders, psychiatric illness,
alcohol or substance abuse, and were not taking psychotropic
medications. No subject required corrective lenses during the MRI
experiment. Subjects received monetary compensation for their
participation.

Apparatus

Drawing was performed on an MRI-compatible (i.e., non-
ferromagnetic) drawing tablet developed by Tam et al. [19], as
connected to a Hewlett Packard Pavilion dvb laptop computer
running E-Prime 2.0 (Psychology Software Tools, Sharpsburg,
PA). Figure 1 of Tam et al. [19] demonstrates the set-up of the
tablet and its placement above a subject in an MRI scanner. The
tablet consists of a resistive touch-screen connected to an elevated
support platform. The tablet was custom-made to fit the
specifications of the GE scanner-bed used in this study. A
controller box served as an interface between the tablet and the
laptop computer that was used for both stimulus presentation and
the recording of drawing data. The dimensions of the screen were
12.8 cm width by 9.2 cm height. Drawing was made using a
simple plastic stylus roughly the size and weight of a ballpoint pen.
When subjects were placed in the scanner, the drawing tablet was
fitted close to the body surface so as to permit easy access with the
hands. The right hand was used for drawing (all subjects were right
handed), and the left hand rested on the left side of the support
platform. A series of calibration tasks was performed for each
subject in order to ensure that the projected image was visible to
them and that their drawings were well contained within the field
of view of the LCD projector.

It is important to note that no drawings actually appeared on
the tablet’s surface. All drawings were seen via a mirror positioned
in the visor of the head coil. The LCD projector presented images
onto this visor, and the light was reflected by the mirror to the
subject’s eyes. This gave the veridical impression to subjects that
their drawings were occurring on the tablet’s surface. However,
this occurred indirectly through information from the computer
screen projected onto the visor through the LCD projector. In
addition, due to the arrangement of the tablet in the scanner bed,
subjects were not able to see the drawing tool during drawing.
Hence, the only dynamic visual stimulation that they received
during drawing came from the emanating image and not from
perceived movement of the stylus tip or their own hand.

Stimuli

Two categories of stimuli were used in the production tasks (see
Figure 1): 1) geometric patterns, of which there were three types
(spirals, zigzags, and serpentines), and 2) embellished geometric
patterns of the same three types (i.e., geometric patterns with
added loops, used for the copying task).

Tasks

Each participant took part in a one-hour training session on a
day prior to the MRI scan in order to become proficient at using
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Figure 1. Tasks and stimuli for the study. Representative stimuli
and responses for two of the drawing conditions. In mark making, the
name of a geometric figure and a direction for drawing it are presented.
Blind drawing (not shown in the figure) has exactly the same stimuli,
but no response is observable on the drawing tablet. In copying, an
object and a starting point for drawing are indicated, and the subject
creates a copy of the object in the space to the right, with the object
continually in view.

doi:10.1371/journal.pone.0108628.9001

the drawing tablet while minimizing head movement as well as to
practice the tasks to be performed in the scanner. Training was
performed in a simulated scanner environment in which subjects
were supine and had the tablet positioned across their lap. Subjects
were positioned at a comfortable viewing position below a
computer monitor that was mounted to a hinged arm on the
wall. Pre-recorded scanner noise was played in the background as
subjects performed each training task. During the scanning
session, subjects performed each trial as an alternation between
20s periods of fixation and 20s periods of task. Fach scan lasted
4 min and consisted of 6 trials of the same condition. During the
fixation periods, a black fixation-cross was projected onto the
center of a grey background. There were four scans altogether,
one for each of the following conditions: perception, mark making,
blind drawing, and copying. All stimuli were presented using E-
Prime 2.0 running on a Hewlett Packard Pavilion dv5 laptop.
Participants performed the following three drawing tasks in
random order. 1) Mark making: participants were prompted for 2s
with the written name of a geometric pattern (zigzag, spiral, or
serpentine) as well as an arrow indicating the direction in which to
draw it (i.e., leftward or rightward). This occurred in the center of
the screen. The prompt was then removed, and the subject drew
the pattern from memory on the right half of the screen for the 18s
remaining in the epoch. The subject was instructed to draw for the
duration of the 18s epoch. If the subject reached the edge of the
defined drawing space while drawing zigzags or serpentines, they
were told to double back in the other direction until the task epoch
was over. For all conditions, the drawing direction was balanced
across stimuli. Subjects were unable to see either the stylus or their
own hand. Thus, the only visual feedback available to them during
the drawing tasks was the emanating image. 2) Blind Drawing: this
was exactly the same as the mark making task except that the line
color for drawing was changed to the background color of the
display, thereby removing all visual feedback. This created a
condition in which the subject could not see their drawing while
making it, a situation common to many neuroimaging studies of
drawing (see Introduction). 3) Copying: participants were present-
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ed on the left half of the screen with a visual model that was to be
copied on the right half of the screen. The model remained visible
throughout the task epoch. The stimuli were not the simple
geometric stimuli used in the other mark making conditions but
rather embellished geometric patterns in which loops were added
to the geometric patterns (see Figure 1). The reason for this
change was that pilot testing showed that using standard
geometrics allowed subjects to ignore the features of the model
and simply create the patterns from memory, just as they had in
the mark making condition. The introduction of embellishments
was a necessary step to keep the subject’s attention focused on the
visual features of the model. For each stimulus, a starting point for
copying was indicated on the model so as to balance drawing
direction across stimuli. The full set of six copying stimuli is
presented in Document S1. Finally, 4) a Perceplion task was
performed in which subjects passively viewed animations of
abstract line drawings unfurling on the projected screen over the
course of 20s. Since pilot testing showed surprisingly widespread
brain activations for this task, we had subjects perform it first so as
to reduce any contamination of actual drawing on perception. The
production tasks were then randomized among themselves after
the perception task. For all drawing tasks, motor activity — and
thus visual feedback — was limited to the right half of the tablet.
Subjects were free to move their eyes during all conditions in order
to make the drawing tasks naturalistic.

Image Acquisition

Magnetic resonance images were acquired with a GE Medical
Systems Signa Excite 3-Tesla MRI at the Imaging Research
Centre at St. Joseph’s Healthcare Hamilton. The subject’s head
was firmly secured in the head coil using foam pads placed around
the ears. Ear plugs were used to help block out scanner noise.

Functional images sensitive to the blood-oxygen-level-depen-
dent (BOLD) signal were collected with a gradient-echo echo
planar imaging (EPI) pulse sequence using standard parameters
(TR =2000 ms, TE =45 ms, flip angle = 90°, 31 slices, 4 mm slice
thickness, no gap, matrix size =64 x64, field of view =24 cm,
voxel size =3.75 mmx3.75 mm x4 mm), effectively covering the
whole brain. All functional scans lasted 4 min, resulting in the
collection of 120 brain volumes per scan.

High-resolution, T1-weighted structural images were acquired
in order to register functional activity onto brain anatomy. The
scanning parameters were 3D-FSPGR, IR-prepped, Ti= 450 ms,
flip angle=12 degrees, TR=7.5ms, TE=2.1 ms, field of
view = 240 mm x 180 mm, slice thickness =2 mm, acquisition
matrix 320x192, 1 average (NEX=1), receiver band-
width = 31.25 kHz, data was interpolated to a 512x512 matrix,
and the number of slices doubled during reconstruction, resulting
in 164 slices.

Data Analysis

Functional images were reconstructed offline, and the scan
series was realigned and motion-corrected using BrainVoyager
0OX 2.4 (Brain Innovation, Maastricht). Motion-correction anal-
ysis revealed that subjects displayed very little head movement.
Translational and rotational corrections did not exceed an
acceptable level of 1.5 mm and 1.5 degrees, respectively, for any
subject. During the preprocessing stage, a temporal high-pass filter
was applied at a frequency of 0.0078 Hz, or 2 cycles per scan,
using the GLM-Fourier algorithm. 3D spatial smoothing was
performed using a Gaussian filter with a FWHM kernel size of
4 mm. Following realignment, each functional scan was normal-
ized to the Talairach template [24]. The BOLD response for each
task-block was modeled as the convolution of a 20s boxcar with a

October 2014 | Volume 9 | Issue 10 | €108628



Mark Making fMRI

0'S ot LE— LS— 9L o veE— 8 — (ot v4) ®|nqo| [e1alied Jouaju|

9L 49 67— 0e— (2v8) ¥/€Sdl

LL 67 lE= 6— (S v9) 9|ngoj [esuddeled

8 <SS 19— vZ— (£ vg) 3ngo| |e3aued Jouadng

€1l 9 19— z= (2v9) T/1SdI

€8 L9 ov— 9€— (Z vg) snIAB |esuadlisod

S8 (34 87— €€— ozl (34 87— 6€— (£yg) Xo10> A10SUDSOIRWOS

3qo7 [piaLibd

S, 89 ol— = L'L <SS ol— cl— (9 v4) spIay 94s [ejuoi4

L L€ L— 15— (9 v8) sniAb |eauoly |ppIN

v'6 L9 8C— €e— LTl L9 8C— 0g— (£/¥7 Yg) X2110D 1010WLIOSUSS

3qoT |p3uoI4

aJ1aydsiwaH Yo7

8 vl— S— 144 A 3|ngoT

wnj2qaia)

z6 S— 67— St (£€/1Z vg) snIAB |eiodwa) S|PPIN

2qo7 |piodwia |

Sl S— 9L— €€ €6 L 6/L— €€ (8Lvg) O1

96 14 9.— LT [N 14 9,.— 0€ (6Lve) VEA

L9l S— £9— [44 el S— £9— [44 (61ve) +LN/SA

aqo7 [pydI220

99 34 LE— LS v'8 34 or— 6€ (0¥ v4) @Inqo] |eyatied Joudul

L8 19 €L— Cl (£ vg) snaundaid

8'8 ot 8C— LS (ov vg) o|nqo| |eisnied Jouaju|

€9 o €r— 0€ 9'8 61 67— A4 (2 v8) ¥/€SdI

VL si4 85— 144 (£ va) Z/LSdl

Lol 89 £9— LT 8Ll [4 19— L (£ v9) Z/LSdI

2qo7 [piaLIbd

99 8T L= LS (9 vg) sniAB |eluouy Joudju|

L9 89 €l— 8l (9 vg) Sp[ay 949 |eluoi4

69 89 9lL— LT (¥ vg) sniAB |enuadaid

€L o 4 €9 'zl L€ L— 1S (9vg) sniAb [eauoyy 3ppIN

3qoT [DIUOI4

asaydsiwaH 61y
3} z s X 3 z K X b z K X
Buimesp pullg "sA bunjew ey Buimesp puilg Bunjew >iep

‘Buimelp pulgq pue Buijew yJew UaMIQ ISeIIU0D 3y} pue ‘Buimelp pullq ‘Bupjew sjlew Joj s91eulpiood ydelele] ‘L ajqer

October 2014 | Volume 9 | Issue 10 | €108628

PLOS ONE | www.plosone.org



]
- O
o
£
H —
E —
5 | N
°
=
o
v
>
) <
.E>. |
=
]
£
=
5 A
= | x I
-
N
o
£
3
T | >
k-]
o
£
o | x
-
N
2
< | >
]
£
X
S
]
= | x
~
m
= <
g )
) 2 35 o
: O
. 3>°
- \U‘q
v S £ S
2 §§I§
© 3 8
- L 20O

1.1

13

-82
—64

—24

838
838
8.1

—82 13

—64
-82

—24

LO (BA18)
V5/MT+ (BA19)

11.0

-39

42

-30

LO (BA18)

8.4
6.9

—14

=79

—36

Fusiform gyrus (BA 19)

V3A (BA19)

31

=79

-27

Cerebellum

8.2

—52 —14

24

Lobule V

7.5

—-20

=55

-42

Lobule VI

Stereotaxic coordinates are in millimeters along the left-right (x), anterior-posterior (y), and superior-inferior (z) axes. In parentheses after each brain region is the Brodmann area, except for the cerebellum, in which case the
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synthetic hemodynamic response function composed of two
gamma functions. Beta weights associated with the modeled
hemodynamic responses were computed to fit the observed
BOLD-signal time course in each voxel for each subject using
the General Linear Model, as implemented in BrainVoyager QX
2.4. The six head-motion parameters were included as nuisance
regressors in the analysis. Each subject’s data was processed using
a fixed-effects analysis, corrected for multiple comparisons using a
Bonferroni correction at a threshold of p<<0.05. Contrast images
for each subject were brought forward into a random-effects
analysis, where a false discovery rate (FDR) of p<<0.01 was
employed as a correction for multiple comparisons, with a cluster
threshold of k=25. Group data were registered onto the inflated
brain of one of the subjects within the study (Subject 4), as
generated using Brain Voyager. Talairach coordinates were
extracted using NeuroElf (neuroelf.net).

Results

Figure 1 provides examples of the stimuli used for the mark
making and copying tasks, as well as representative drawn
responses. Document S2 provides representative examples of
drawn responses for the blind drawing condition. Figure 2a shows
the activation pattern for mark making in contrast with fixation.
The Talairach coordinates of the activations are listed in Table 1.
Prominent activations related to motor control of the right hand
and forearm were found in the left sensorimotor cortex and right
posterior cerebellum (lobule V). Additional motor activations were
found bilaterally in the frontal eye fields medial to the primary
hand activations. Next, while no activation was found in the
primary visual cortex, strong activations were found bilaterally in
the motion-perception area V5/MT+ (BA 19) and in area LO
posterior to it (BA 18). LO is a form-processing area but is thought
to be important in processing form from motion [25]. Higher-level
motion-related visual activations were seen dorsomedially in area
V3A (BA 19) in the right hemisphere. As mentioned in the
Methods sections, subjects in the scanner were unable to see the
drawing tool, and hence all visual activations reported in this study
result from perception of the emanating image, not perception of
the moving tool, hence permitting a disambiguation of the two
sources. No activity was detected in another well-studied motion-
perception area, the posterior superior temporal sulcus (pSTS),
which is more associated with the perception of body motion.
Parietal activations were found in the inferior parietal lobule (IPL),
IPS bilaterally, and in the superior parietal lobule (SPL) in the left
hemisphere (BA 7), directly posterior to the sensorimotor cortex.
The IPS activations included both the posterior regions referred to
by Swisher et al. [26] as IPS1 and IPS2 and the anterior regions
referred to as IPS3 and IPS4. Finally, bilateral activations were
seen in the middle frontal gyrus (BA 6). In sum, mark making
defined the basic motor-sensory components of the drawing
network, reflecting the dynamic visual/hand and visual/eye
coupling that occurs during the generation of marks and the
emergence of images.

Turning off visual feedback while doing mark making created a
condition of blind drawing, which places drawing under purely
proprioceptive control and which serves as a motoric control for
mark making. Figure 2b shows the contrast of mark making vs.
blind drawing (the reverse contrast gave no signal). The Talairach
coordinates of these activations and of those for blind drawing vs.
fixation are present in Table 1. As expected, all of the motor
activity in the left sensorimotor cortex and right cerebellum was
eliminated in this subtraction due to the matched motoric nature
of the tasks. What remained was the occipito-parietal visual-
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Figure 2. Brain activations for mark making. a) Mark making vs. fixation. b) Mark making vs. blind drawing. Data are corrected for multiple
comparisons using FDR p<<0.01. Activations shown in Figures 2-5 are rendered onto an inflated brain of one of the subjects in the study (Subject 4)
as normalized into Talairach space. The color bars in Figures 2-5 reflect the t score of the activated voxels for a given contrast. Abbreviations: FEF:
frontal eye fields; IPS1/2: segments 1 and 2 of the intraparietal sulcus; IPS3/4: segments 3 and 4 of the intraparietal sulcus; MFG: middle frontal gyrus;
MT: middle temporal; SMC: sensorimotor cortex; SPL: superior parietal lobule.

doi:10.1371/journal.pone.0108628.g002

motion network, including areas V5/MT+, LO, V3A, and IPS1/
2, with a strong right-dominant pattern. This group of areas
represents the best neural correlate of the phenomenon of
emanation occurring during drawing-based image generation.

Next, activations for copying versus fixation are shown in
Figure 3a (lateral view) and Figure 4a (medial view). The
Talairach coordinates for these activations are presented in
Table 2. While copying showed activations in the same set of
regions as mark making, the global level of activation for copying
was much more intense than that for mark making, including in
areas involved in emanation. In addition, two new systems were
present for copying that were not seen in memory-based drawing,
and this was highlighted in the contrast of copying vs. mark
marking in Figures 3b and 4b. First, activations were seen in the
basal ganglia system, including bilateral putamen and ventral
thalamus. This system, perhaps in combination with the right IFG,
most likely mediates the imitative aspect of copying. Second,
strong activity was seen in the primary visual cortex and
surrounding areas (BA 17 and 18). Such areas were not detected
in mark making. This lower-level visual activity most likely reflects
the presence of the static model that the subject had to glance at
repeatedly during the drawing process. This result is consistent
with the findings of Ferber et al. [18] who, in a similar contrast
between copying and drawing from memory, found greater
activity in the cuneus and other inferior occipital regions for
copying.

Finally, we examined drawing perception alone by showing
subjects animations of emanating images of abstract patterns
(Figure 5a). The Talairach coordinates of these activations are
presented in Table 2. Since pilot testing had revealed that this
condition gave very strong activity throughout the drawing
network, we decided to place this condition first in the scanning
session in order to reduce any carryover effects that might come
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from performing drawing itself. As with the pilot data, the group
results showed very strong activity throughout the drawing
network, with the exception of the primary motor cortex. Brain
areas associated with emanation were strongly activated in this
condition, again with a right-hemisphere dominance, just as in
production. Figure 5b shows the subtraction of mark making vs.
perception. As can be seen, this subtraction eliminated virtually all
of the activations for mark marking (compared with Figure 2a),
except for the primary motor cortex (Talairach coordinates —36,
—25, 55) and contralateral cerebellum (Talairach coordinates 15,
—52, —14). Another way of thinking about this subtraction is that
it basically resulted in the brain activity produced by blind drawing
(see Table 1).

Discussion

We used functional MRI to explore the neural basis of the
generation of images through mark making, including its defining
property of emanation. Our use of an MRI-compatible drawing
tablet allowed us to manipulate visual feedback, in contrast to
many previous studies of drawing, where subjects obtained no
feedback of their drawing activity. The blind drawing task
essentially mimicked the situation of all overt drawing studies in
which subjects did not have access to visual feedback (i.e., through
drawing on a pad or drawing in the air) and hence did not perceive
image formation. Providing visual feedback to subjects using the
projected display created the more naturalistic situation of subjects
perceiving images as they generated them in real time, hence
allowing us to identify components of the motion-perception
system of the brain’s dorsal visual stream that mediate the
perception of the emanating image.

The process of mark making from memory, involving the
production of uninterrupted geometric patterns, defined the basic
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components of the drawing network, with brain areas involved in
hand movement (M1, SMA, cerebellum), eye movement (FEF),
visual motion perception (V5/MT+, V3A, LO), and sensorimotor
coupling (IPS, IPL, SPL). Activity in this system as a whole was
modulated quantitatively by the allocentric requirements of the
drawing task, being lowest for blind drawing and highest for
copying and perception. Emanation was associated with an
occipito-parietal stream along the posterior aspect of the brain,
extending dorsomedially from V5/MT+ to the posterior IPS, and
encompassing the motion-related area V3A. To our surprise,
passive perception of emanation was an extremely strong stimulus
for the drawing network, eliciting activity in the areas involved in
motor planning, even though subjects were explicitly instructed to
passively view the emanation presented to them. This finding
might suggest that some motor planning processes are automatic
and are not under conscious control. In contrast, blind drawing
gave only the motor components of the system plus activity in the
left SPL.

Emanation: Pictures Result from Trailing

It is interesting to note that the neural system for drawing is
strikingly similar to that for gesture production [27]. We can
classify drawing movements as a form of instrumental (transitive)
gesture. From a cognitive standpoint, drawing might simply be
gesturing that leaves a trail behind. Studies of drawing in which
subjects moved their finger in the air ([4]; see also [28-30] for
writing) are, in reality, studies of pantomime production. Ekman
and Friesen [31] referred to gestures of this type as “pictographs”,
making an allusion to drawing. Given the longstanding interest in
the gestural origins of language through processes like pantomime
[32-33], it might be the case that figurative drawing emerged from
iconic gesturing processes like pantomime through the realization
that such movements could leave a trail behind, perhaps first
occurring using fingers or sticks in media like the earth or sand or
even on the human body. In this regard, a key area that mediates
emanation, namely V3A, appears to have undergone evolutionary
modification in humans compared to monkeys [34]. This neural
change might have relevance to the evolution of species-specific
capacity for drawing in humans.

An important visual component of drawing compared to most
other visuomotor tasks that people engage in is that visual
information accumulates through trailing as the drawing progress-
es. The comparison between mark making and blind drawing
revealed an occipito-parietal stream extending up the posterior
aspect of the brain from V5/MT+ through V3A to the posterior
IPS, with right hemisphere dominance during both production
and perception. This stream was also active during copying and
the passive perception of emanating images. Since subjects could
not see the drawing tool in our experimental set-up, visual
emanation could only come from the image alone and not from
perception of the hand or drawing tip, thereby disambiguating
these various sources of visual stimulation. Activity in this occipito-
parietal stream is thus a neural marker of emanation, as shown in
other studies of drawing in which visual feedback was present
during image generation due to the use of MRI-compatible
devices. In particular, our results are concordant with the contrast
between visual feedback and no visual feedback in Thaler and
Goodale’s [20] analysis of line drawing.

Another brain area important for high-level motion perception,
namely the pSTS [35-36], was not active in any of the conditions
in this study. This is in distinction to many studies of gesture
perception, where the pSTS is commonly seen [37-38]. This
supports the association of the pSTS with the perception of
biological motion, namely the motion of articulated bodies that
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Figure 3. Brain activations for copying: Lateral view. a) Copying vs. fixation. b) Copying vs. mark marking. Data are corrected for multiple
comparisons using FDR p<0.01. See legend to Figure 2 for abbreviations.

doi:10.1371/journal.pone.0108628.9g003

move in the manner typical of animals [39]. An ALE meta-
analysis of action observation and imitation [27] reported activity
in V5/MT+, pSTS and IPS, but not in V3A. These findings
suggest that the emanation system is engaged more strongly by
trailing than by the perception of hand or body movement alone.
The preliminary conclusion from this is that the pSTS, but not

A. Copying vs. Fixation

B. Copying vs. Mark making

V3A, is activated by the perception of others’ gestures and actions,
and that V3A, but not the pSTS, is activated by the perception of
emanation during drawing and writing.

Why might V3A be a critical area for drawing emanation when
it seems not to respond to the perception of biological motion?
V3A 1s well known to be directionally-selective and to be
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Figure 4. Brain activations for copying: Medial view. a) Copying vs. fixation. b) Copying vs. mark marking. Data are corrected for multiple
comparisons using FDR p<<0.01. The left side of the slices is the left side of the brain, as indicated by the L (left) and R (right) symbols. The Talairach z
coordinate is shown below the slices. Abbreviations: IFG: inferior frontal gyrus; SMA: supplementary motor area.

doi:10.1371/journal.pone.0108628.9004
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Figure 5. Brain activations for motion perception. a) Perception vs. fixation. b) Mark making vs. perception. Data are corrected for multiple
comparisons using FDR p<<0.01. The blue oval in panel a indicates the region of the sensorimotor cortex for copying not activated in motion

perception. See legend to Figure 2 for abbreviations.
doi:10.1371/journal.pone.0108628.g005

responsive to coherent motion compared to random motion [40].
It might therefore be involved in extracting form from motion
[41], a function that is of importance in drawing, since form
unfolds over time through a motion-based process of trailing. IFor
example, Ellamil et al. [17], in a study of creative drawing using
the same drawing tablet employed in this study, found right V3A
to be active during the generative phase of drawing compared to
an evaluative phase that followed it. In addition, V3A has also
been shown to be responsive to ego-motion, in other words self-
motion through space [40-41]. Thus, in contrast to the pSTS’s
responsiveness to the motion of others, V3A, along with areas like
V6 and the IPS [42], might be more responsive to the motion of
oneself. The optic flow that is perceived during emanation in our
experiment is paradoxical in that it is based neither on an object
moving through space nor on the subject moving through space
relative to a fixed spatial reference frame. Instead, it represents the
outcome of self-generated movement and is thus a proxy for self-
motion. Although our MRI set-up dissociated emanation from
hand and tool movement, there is a strong correlation between the
motions of the hand, drawing tool and the emerging image during
naturalistic drawing. So, V3A activation in our experiment might
represent a response to neither object motion nor self-motion per
se but instead to self-generated motion. It is expected that the
emanation system would be even more engaged if the hand and
drawing tool were perceivable during drawing. Although subjects
were not able to see their hand or the drawing tool in our set-up, it
would be quite interesting to compare the effects of viewing hand
or drawing-tool movement without emanation vs. the emanation
without perception of hand/tool movement that occurred in our
set-up. Finally, the V3A activations in our study were adjacent to a
region called SPOC (superior parieto-occipital cortex [43]) that is
implicated into visuomotor functions related to reaching, pointing,
and grasping. This area seems to be involved in encoding motor
affordances, such as the reachability of an object by the hand. This

PLOS ONE | www.plosone.org
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might have relevance not only to our tool-based drawing tasks but
to our motion-perception condition as well, especially if this task
was processed by subjects as a type of virtual drawing.

Limitations

Two additional issues that would be important to explore in
order to develop a more comprehensive understanding of the
drawing system of the brain are figurativity and flattening. The
current study used geometric figures as stimuli, but it is important
to look at more-quotidian items as drawing stimuli as well, such as
cars or houses. Harrington, Farias and Davis [11] performed a
comparison between the copying of figurative vs. abstract models,
but did so using visual imagery in the absence of actual drawing.
Their results demonstrated overall similarity between these two
categories of stimuli but significant differences in the fusiform
gyrus, basal ganglia, and inferior frontal gyrus. The fusiform gyrus
is part of the visual ventral stream, and so its preferential activation
for figurative compared with abstract images might be indicative
of the “object” status of figurative items in the object-recognition
pathway of the inferior temporal lobe.

Finally, copy-based drawing of natural scenes requires a
dimensional reduction (i.e., a flattening) from the three dimensions
of visual perception to the two dimensions of the drawing space.
Artists work extensively with monocular depth cues in order to
create a sense of three-dimensional perspective in drawn images
[44]. How they achieve this is not understood at the neural level.
What is better understood is the perceptual system involved in
depth processing [45]. Georgieva et al. [34] carried out a study of
depth processing based on binocular-disparity cues and found an
activation profile in motion-perception areas very similar to our
occipito-parietal stream, including areas V5/MT+, V3A, V7/
VIPS, and the posterior IPS. This implies an overlap in this system
between disparity-based depth perception and the perception of
trailing. This system might therefore be engaged in artists not only
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when they perceive depth in a model to be drawn but also when
they transform its three-dimensional features into a two-dimen-
sional form during the process of image generation.

Supporting Information

Document S1

(PDF)

Document S2

(PDF)

References

1. Elkins J (1999) The domain of images. New York: Cornell University Press.

2. Culham JC, Valyear KF (2006) Human parietal cortex in action. Curr Opin
Neurobiol 16: 205-212.

3. Kawabata H, Zcki S (2004) Neural correlates of beauty. J Neurophysiol 91:
1699-1705.

4. Makuuchi M, Kaminaga T, Sugishita M (2003) Both parietal lobes are involved
in drawing: A functional MRI study and implications for constructional apraxia.
Cog Brain Res 16: 338-347.

5. Harrington GS, Farias D, Davis CH, Buonocore MH (2007) Comparison of the
neural basis for imagined writing and drawing. Hum Brain Mapp 28: 450-459.

6. Kawashima R, Tajima N, Yoshida H, Okita K, Sasaki T, et al. (2000) The effect
of verbal feedback on motor learning: A PET study. Neuroimage 12: 698-706.

7. Lerner A, Shill H, Hanakawa T, Bushara K, Goldfine A, et al. (2004) Regional
cerebral blood flow correlates of the severity of writer’s cramp symptoms.
Neuroimage 21: 904-913.

8. Miall RC, Gowen E, Tchalenko J (2009) Drawing cartoon faces: A functional
study of the cognitive neuroscience of drawing. Cortex 45: 394-406.

9. Schaer K, Jahn G, Lotze M (2012) fMRI-activation during drawing a
naturalistic or sketchy portrait. Beh Brain Res 233: 209-216.

10. Ino T, Asada T, Ito J, Kimura T, Fukuyama H (2003) Parieto-frontal networks
for clock drawing revealed with fMRI. Neurosci Res 45: 71-77.

11. Harrington GS, Farias D, Davis CH (2009) The neural basis for simulated
drawing and the semantic implications. Cortex 45: 386-393.

12. Suchan B, Yagiiez L, Wunderlich G, Canavan AGM, Herzog H, et al. (2002).
Neural correlates of visuospatial imagery. Beh Brain Res 131: 163-168.

13. Frutiger SA, Strother SC, Anderson JR, Sidtis JJ, Arnold JB, et al. (2000)
Multivariate predictive relationship between kinematic and functional activation
patterns in a PET study of visuomotor learning. Neuroimage 12: 515-527.

14. Gowen E, Miall RC (2007) Differentiation between external and internal cuing:
An fMRI study comparing tracing with drawing. Neuroimage 36: 396-410.

15. Ogawa K, Inui T, Sugio T (2007) Neural correlates of state estimation in visually
guided movements: An event-related fMRI study. Cortex 43: 289-300.

16. Ogawa K, Inui T (2009) The role of the posterior parietal cortex in drawing by
copying. Neuropsychologia 47: 1013-1022.

17. Ellamil M, Dobson C, Beeman M, Christoff K (2012) Evaluative and generative
modes of thought during the creative process. Neuroimage 59: 1783-1794.

18. Ferber S, Mraz R, Baker R, Graham SJ (2007) Shared and differential neural
substrates of copying versus drawing: A functional magnetic resonance imaging
study. Neuroreport 18: 1089-1093.

19. Tam F, Churchill NW, Strother SC, Graham SJ (2010) A new tablet for writing
and drawing during functional MRI. Hum Brain Mapp 32: 240-248.

20. Thaler L, Goodale MA (2011) Neural substrates of visual spatial coding and
visual feedback control for hand movements in allocentric and target-directed
tasks. Front Hum Neurosci 5: 92.

21. Diciotti S, Cecchi P, Ginestroni A, Mazzoni LN, Pesaresi I, et al. (2010) MR-
compatible device for monitoring hand tracing and writing tasks in fMRI with
an application to healthy subjects. Concepts Magn Reson Part A 36A: 139-152.

22. Grefkes C, Fink GR (2005) The functional organization of the intraparietal
sulcus in humans and monkeys. J Anat 207: 3-17.

23. Oldfield RC (1971) The assessment and analysis of handedness: The Edinburgh

inventory. Neuropsychologia 9: 97-113.

PLOS ONE | www.plosone.org

12

Mark Making fMRI

Acknowledgments

We thank Ellen Dissanayake for critical reading of the manuscript.

Author Contributions

Conceived and designed the experiments: YY SB. Performed the
experiments: YY SB. Analyzed the data: YY SB. Contributed reagents/
materials/analysis tools: YY SB. Contributed to the writing of the
manuscript: YY SB.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44,

46.

Talairach J, Tournoux P (1988) Co-planar stereotaxic atlas of the human brain.
New York: Thieme Medical Publishers.

. Niemeier M, Goltz HC, Kuchinad A, Tweed DB, Vilis T (2005) A contralateral

preference in the lateral occipital area: Sensory and attentional mechanisms.
Cereb Cortex 15: 325-331.

Swisher JD, Halko MA, Merabet LB, McMains SA, Somers DC (2007) Visual
topography of human intraparietal sulcus. J Neurosci 27: 5326-5337.

. Caspers S, Zilles K, Laird AR, Eickhoff SB (2010) ALE meta-analysis of action

observation and imitation in the human brain. Neuroimage 50: 1148-1167.

. Katanoda K, Yoshikawa K, Sugishita M (2001) A functional MRI study on the

neural substrates of writing. Hum Brain Mapp 13: 34-42.

. Omura K, Tsukamoto T, Kotani Y, Ohgami Y, Yoshiwaka K (2004) Neural

correlates of phoneme-to-grapheme conversion. Neuroreport 15: 949-953.
Sugihara G, Kaminaga T, Sugishita M (2006) Interindividual uniformity and
variety of the “writing center”: A functional MRI study. Neuroimage 32: 1837
1849.

Ekman P, Friesen WV (1969) The repertoire of nonverbal behavior: Categories,
origins, usage, and codings. Semiotica 1: 49-98.

Armstrong DF, Stokoe WC, Wilcox SE (1995) Gesture and the nature of
language. New York: Cambridge University Press.

Coraballis MC (2003) From hand to mouth: The origins of language. Princeton,
NJ: Princeton University Press.

Georgieva S, Peeters R, Kolster H, Todd JT, Orban GA (2007) The processing
of three-dimensional shape from disparity in the human brain. J Neurosci 29:
727-742.

Grossman E, Donnelly M, Price R, Pickens D, Morgan V, et al. (2000) Brain
areas involved in perception of biological motion. J Cog Neuro 12: 711-720.
Hein G, Knight RT (2008) Superior temporal sulcus: It’s my area, or is it? ] Cog
Neuro 20: 2125-2136.

Gallagher HL, Frith C (2004) Dissociable neural pathways for the perception
and recognition of expressive and instrumental gestures. Neuropsychologia 42:
1725-1736.

Dick AS, Goldin-Meadow S, Solodkin A, Small SL (2012) Gesture in the
developing brain. Dev Sci 15: 165-180.

Beauchamp MS, Lee KE, Haxby JV, Martin A (2002) Parallel visual motion
processing streams for manipulable objects and human movements. Neuron 28:
149-159.

Cardin V, Sherrington R, Hemsworth L, Smith AT (2012) Human V6:
Functional characterisation and localisation. PLoS One 7: €47685.

Galletti C, Fattori P (2003) Neuronal mechanisms for detection of motion in the
field of view. Neuropsychologia 41: 1717-1727.

Arnoldussen DM, Goossens J, van den Berg AV (2011) Adjacent visual
representations of self-motion in different reference frames. Proc Nat Acad Sci
108: 11668-11673.

Fischer E, Biilthoff HH, Logothetis NK, Bartels A (2012) Human areas V3A and
V6 compensate for self-induced planar visual motion. Neuron 73: 1228-1240.
Livingstone M (2002) Vision and art: The biology of seeing. New York: Harry N.
Abrams.

. Backus BT, Fleet D, Parker AJ, Heeger DJ (2001) Human cortical activity

correlates with stereoscopic depth perception. J] Neurophysiol 86: 2054-2068.
Schmahmann JD, Doyon J, Toga AW, Petrides M, Evans AC (2000) MRI atlas
of the human cerebellum. San Diego: Academic Press.

October 2014 | Volume 9 | Issue 10 | €108628



