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Summary: This study describes the dynamics of flow activa
tion by reading and investigates the potential use of repeated
flow velocity measurements for the lateralization of speech,
Using simultaneous transcranial Doppler recordings from both
middle cerebral arteries and averaging techniques in 25 healthy
volunteers, we describe the changes in blood flow velocity
caused by repetitive reading tasks of variable duration in com
parison with a resting state, Reading aloud evoked a character
istic temporal flow pattern in both hemispheres, consisting of
three relative maxima in flow velocity during and after activa
tion, Flow velocities lower than baseline were common during
longer lasting activation, The amplitudes of two of the observed
peaks decreased depending on the duration of the task. Reading
silently produced a markedly different temporal pattern of ac-

tivation than reading aloud. There were individually reproduc
ible significant side to side differences. Right-handed persons
(n
15) almost without exception showed a significantly
higher increase in flow velocity on the left hemisphere (e.g.,
reading silently 8.7% versus 5.3%; P < 0.0001). Three out of
ten left-handed individuals, however, exhibited no significant
side to side difference or exhibited lateralization to the right
during one or more of the tasks. These findings suggest that
reading induces task-specific temporal patterns of regional neu
ronal activity, which show habituation with longer duration of
activation. Additionally, the observed side to side differences
could be useful to predict language dominance. Key Words:
Cerebral blood flow-Evoked flow-Language-Transcranial
doppler ultrasonics.

Activity of cortical areas associated with sensory, mo
tor, or cognitive functions induces changes in regional
CBF (Lassen et aI., 1978). Such changes have been stud
ied by xenon-CBF methods (Wallesch et aI., 1985; Ris
berg, 1986), by functional magnetic resonance imaging
(Binder et aI., 1995) and-most extensively-by posi
tron emission tomography (PET) (Petersen et aI., 1 988;
Wise et aI., 199 1; Howard et aI., 1992; Leblanc et aI.,
1992; Rumsey et aI., 1992). Despite its excellent spatial
resolution, PET, however, presently fails to describe fast
acting temporal dynamics of CBF-activation, because its
temporal resolution is in the range close to I minute. In
contrast, transcrania1 Doppler sonography (TCD) offers

very good temporal resolution and has been used to de
scribe visually or cognitively evoked flow changes
(Aaslid, 1987; Conrad and KlingelhOfer, 1989; Droste et
aI., 1989; Thie et aI., 1992; Kelley et aI., 1992; Markus
and Boland, 1992; Thomas and Harer, 1993). Previous
TCD studies, using cognitive stimulation, however, did
not reveal exact temporal characteristics of activation or
individually reproducible side to side differences (Droste
et aI., 1989; Diehl et aI., 1990; Njemanze, 199 1; Kelley
et aI., 1992; Thomas and Harer, 1993). With the devel
opment of simultaneous bilateral recording and averag
ing techniques the sensitivity of TCD to detect evoked
flow changes and hemispheric dominance has been im
proved (Rihs et aI., 1995). Analogous to mu1timodally
evoked electrical potentials, which are averaged from
multiple stimulus-evoked responses in the electroen
cephalogram, TCD now allows analysis of a repetitive
stimulus. Thus random changes in cerebral blood flow
velocity (CBFV) caused by systemic influences (e.g.,
cardiac, respiratory, or vegetative) or transient unin
tended activation of other brain areas are filtered out.
The intention of this study was to describe the tempo
ral dynamics of a cognitive task of variable duration and
to determine whether intraindividually reproducible side
to side differences can be obtained.
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Twenty-five healthy volunteers, 12 men and 13 women, 29 ±
3 years of age, without a history of reading disabilities, were
studied at the Cerebrovascular Laboratory at Harborview Medi
cal Center, Seattle, Washington, U.S.A., after informed consent
had been obtained. The individuals were classified as right- or
left-handed according to their indices of handedness by the
Edinburgh Inventory (Oldfield, 1971). Subjects with a lateral
ization quotient of ° or less were considered left-handed. Ad
ditionally the subjects were asked for familiar sinistriality.
The volunteers were sitting comfortably in an inclined posi
tion in a quiet room with limited light. After identification of
the middle cerebral arteries (MCA) according to standard cri
teria (Fujioka and Douville, 1992), the probes were fixed in
place by a headband, and continuous simultaneous recordings
of CBFV from both sides were obtained using a computerized
Doppler unit (Multidop X, DWL, Sipplingen, Germany). This
unit is equipped with a special software program (version 7.40,
written by R. Aaslid) for averaging the CBFV data in response
to a repeated stimulus of defined duration. The computer algo
rithm calculates for each side the relative percent changes dur
ing and after each task in relation to a control value. After a
number of cycles has been completed, the average percentage
change in mean CBFV with time is displayed for each MCA.
The mean velocity is expressed with error bars of a width of
one standard deviation (SD) of all cycles on each side. The
percentage side to side difference with time ± SD is calculated
as well and expressed as the percentage change of the ratio of
the MCA velocities. The last 10 velocity samples before each
new stimulus serve as the control value (baseline of Fig. I).
After a stable baseline had been recorded for at least 5 min
utes, reading sessions of variable duration were started in ran
dom order. The task consisted of repeated reading cycles (n
10), during which the subjects read aloud (10, 20, or 30 sec
onds) or silently (20 seconds) from a prepared simple newspa
per text. This text consisted of local politics from an area,
which was not familiar to the individuals and was intended to
have little emotional impact on the readers. The same text,
which was not balanced regarding content or difficulty with
respect to the duration of the reading task, was used in each
trial. Each reading cycle was followed by a rest period of the
same duration as the respective task, during which the volun
teers kept their eyes closed and were asked to restrain from any
other activity.
In one volunteer additional simultaneous recordings of arte
rial blood pressure (ABP) from a radial artery were obtained
using a noninvasive continuous tonometric blood pressure
monitor (Nellcor, N-Cat N-500, Hayward, CA, U.S.A.).
All calculations were performed off-line. In each subject the
averaged changes in flow velocity ± SD during and after the
stimulus as well as their averaged relative side to side differ
ence ± SD (expressed as the change in the left to right ratio)
were plotted for each MCA. Then for each task, the latency and
amplitude of the relative maxima occurring during and after
activity, the latency for return of the velocities back to baseline,
and the side to side difference were noted. Further data analysis
was performed, using paired Student's t test to compare the
corresponding bilateral amplitudes of the velocity changes at
each maximum and minimum. For each corresponding maxi
mum and minimum and vessel a one-way analysis of variance
was used to express significant differences in latency or am
plitude between the different tasks (P < 0.05). The results of
left-handed and right-handed individuals were compared by the
Mann-Whitney test.
Simple regression analysis was performed to look for corre=
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FIG. 1. Effects of reading tasks of variable duration on cerebral
blood flow velocity. (A) Reading aloud 10 seconds (10 seconds
rest); (8) reading aloud 20 seconds (20 seconds rest); (C) read
ing aloud 30 seconds (30 seconds rest); and (0) reading silently
20 seconds (20 seconds rest). All data are examples from the
same (one) individual during 10 cycles of each task. Data are
plotted as mean percentage changes ± SO (width of the thick
black line 2 SO); vertical line, end of stimulus; horizontal line,
baseline; left column, percentage change in the left middle cere
bral artery (MCA) blood flow velocity; middle column, percentage
change in right MCA blood flow velocity; right column, percentage
change in left to right ratio.
=

lations between the induced velocity changes and age, sex, or
lateralization quotient.
RESULTS

Fifteen individuals were considered predominantly
right-handed, 10 were left-handed.
Reading aloud

Reading aloud, all subjects showed a characteristic
temporal pattern of simultaneous bilateral changes in
eBPV during and after stimulation.
Three relative maxima of eBFV (PI, P2, and P3)
could be noted regardless of the duration of the task (Fig.
I). Each peak in velocity was followed by a marked
decrease in eBPV. The amplitudes of the relative
minima in eBPV after P I were highly variable. After P2,
eBPV fell below baseline on the less activated side in 12
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of 25 subjects during the 20-second task and in all but 5
individuals during the 30-second task. After P3, CBFV
typically had its minimum below baseline (Nm) and re
turned back to baseline after about I S seconds.
Latencies and amplitudes of the relative maxima and
minima of the CBFV changes on each side are shown in
Tables I and 2 for the entire group. Because side to side
differences in latency were hardly measurable and
seemed negligible in comparison with the variations in
latency of the individual cycles, the latencies of the
minima and maxima of the left MCA were considered
valid for both sides.
The first maximum, P I, occurred about 3 seconds after
the beginning of each task. The activation induced a
relative rise in CBFV of about 10% to 13%. This maxi
mum was observed slightly earlier and tended to be
higher during the 10-second task than during the longer
tasks. In contrast to P2 and P3, the P I peak was accom
panied by a concomitant increase in ABP, monitored in
one subject simultaneously.
The second maximum, P2, was noted around the end
of the 10-second task ( 10.3 ± 0.8 seconds). In contrast its
mean latency was almost identical at about 13 seconds
during the 20- and 30-second tasks. The mean amplitude
of P2 was significantly higher during reading aloud for
10 or 20 seconds (about 14% increase on the left side,
11% on the right) than during reading aloud for 30 sec
onds (about 9% left, 7% right).
The third maximum, P3, was observed about 4 sec
onds after the end of each task and occurred sooner, on
average, the shorter the activation was. Its amplitude
diminished markedly from about 10% to 12% after read
ing aloud for 10 seconds to just above or even below
baseline after reading aloud for 30 seconds.
The minimum in CBFV, Nm, occurred about I I sec
onds after the end of a task and was therefore barely
noticeable during the lO-second task. It tended to occur
sooner during the 20-second task in comparison with the
30-second task. Its amplitude was significantly lower

TABLE 1. Latency (in seconds) of" relative

flow maxima/minima
Task

10
20
30
20

sec/aloud
sec/aloud
sec/aloud
sec/silent

0.5:j:§
0.5
0.7*
0.7*

P3

P2

PI
3.3 ±
3.7 ±
3.8 ±
3.8 ±

10.3 ± 0.8t:J:§
12.7 ± 2.2§
13.3 ± 2.4*
15.7 ± 3.0t

Data is averaged across all subjects (n

3.9 ±
4.1 ±
4.5 ±
4.8 ±
=

O.S§
2.2
1.4
1.2*

Nm
nil

10.8 ± 1.8§
11.5 ± 2.0§
14.9 ± 2.4t:J:

25) for the left MeA.

Values are mean ± SD, PI �P3, relative maximum in velocity, Nm,
minimum velocity; the latencies of PI , P2, and Nm are calculated from
the beginning of the stimulus, the latency of P3 from its end. Signifi
cant differences are shown at P < 0.05.

* Significant
t Significant
:j: Significant
§ Significant

difference from

]() sec/aloud.

difference from 20 sec/aloud.
difference from 30 sec/aloud.
difference from 20 sec/silent.
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than baseline after reading aloud for 30 seconds (> 11 %
reduction in flow), as compared with 20 seconds (about
7%).
Reading silently

Reading silently produced a distinctly different pattern
of CBFV activation than reading aloud, which, however,
shared some main features (Fig. I D). The first peak was
usually small and sometimes absent, whereas the second
peak in velocity was occasionally indistinguishable
within a longer lasting plateaulike increase in CBFV.
Nevertheless it was possible to distinguish all peaks in
the majority of the patients. The latency of all relative
maxima and minima tended to be delayed in comparison
with reading aloud (see Table 1). Comparing the two
tasks of the same 20-second duration, this delay in la
tency was significant for P2 and Nm. Reading silently,
P I usually gained only less than half the amplitude of the
respective maximum in reading aloud. However, P2 was
significantly lower in reading silently than the corre
sponding maximum in reading 20 seconds aloud, and P3
tended to be more, and Nm less, marked than the corre
sponding maxima and minima (see Table 2).
Side to side differences

There were relevant side to side differences, as indi
cated by the error bars in at least one task in every subject
(usually in all tasks). The mean individual side to side
difference in CBFV activation for each task expressed as
the change in the left to right ratio was close to 5%.
When the time course of these side to side differences
was plotted, a gentle continuous slope was observed,
starting about 2 to 3 seconds after the beginning of the
task. This increase then turned into a plateau during the
task and tapered off gradually after the end of activation
to reach baseline after about 5 to 10 seconds. The maxi
mum side to side difference was usually not markedly
distinguishable within the plateaulike increase. Its la
tency was close to that of P2 (Fig. 1, third column).
Statistical analysis for the entire group (right-handed
and left-handed subjects together) and for the group of
right-handed individuals revealed significant reproduc
ible side to side differences of the amplitudes at P2 in
favor of the left hemisphere for all tasks (see Table 2).
When only the group of left-handed individuals was con
sidered, we did not find significant mean side to side
differences in amplitude at P2 in the reading aloud tasks
because of exceptions in lateralization among the left
handed subjects (see below). No other significant differ
ences in the velocity responses of right- and left-handed
persons were detectable. Data analysis comparing the
"dominant" MCA (exhibiting the greater increase in
CBFV during the task) with the''nondominant" did not
result in significant differences for latency or amplitude
between left- and right-handed individuals.
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TABLE 2. Amplitudes (percent change) of relative flow maxima/minima and side to side differences (percent change)

Task

PI

P2

P3

Nm

left ± SD

left ± SD

left ± SD

left ± SD

right ± SD

right ± SO

right ± SD

right ± SD

difference

p<

p<

p<

P<

left/right ratio

Side to side

10 sec aloud

12.8 ± 3.8§
10.8 ± 3.4§
P< 0.005

14.2 ± 5.1:j:§
10.1 ± 5.1:j:§
P <0.0001

11.5 ± 4.7t:J:
9.6 ± 4.2t:J:
P <0.0003

20 sec aloud

10.7 ± 4.8§
10.0 ± 5.2§

13.8 ± 6.1:j:§
10.7 ± 6.2:j:§
P <0.003

5.8 ± 6.6*:j:
4.8 ± 6.7*:j:
NS

NS

30 sec aloud

10.6 ± 3.7§
10.9 ± 3.6§

9.1 ± 6.4*t
6.5 ± 6.7*t
P <0.0009

1.4 ± 9.0*t§
0.9 ± 8.8*t§

-13.5 ± 7.4t§
-11.2 ± S.5t§
P <0.02

5.3 ± 3.4

9.2 ± 3.4*t
5.3 ± 4.2*t
P <0.0001

9.1 ± 5.0+
8.1 ± 4.8:j:

-4.3 ± 2.5:j:
-4.4 ± 3.5:j:

5.2 ± 2.9

NS

NS

20 sec silent

4.5 ± 2.5*t:J:
4.9 ± 3.6*t:J:
NS

Data is averaged across all subjects (n

*
t
:j:
§

=

NS

NS

5.3 ± 2.3

-7.2 ± 5.2:j:
-7.4 ± 4.5+

4.9 ± 2.9

NS

25). Values are mean (in %) ± SD. Significant differences are shown at P < 0.05.

Significant difference from 10 sec/aloud.
Significant difference from 20 sec/aloud.
Significant difference from 30 sec/aloud.
Significant difference from 20 sec/silent.

Exceptions from lateralization to the left side and
subgroups

There were, however, notable individual exceptions
from lateralization to the left: reading silently, all right
handed subjects without exception demonstrated signifi
cantly higher percentage increases in CBFY on the left
hemisphere. In contrast, reading aloud, one individual
showed lateralization to the right hemisphere during all
three tasks. This subject was truly right-handed (lateral
ization quotient 100%). Among left-handed individuals
(n
10), three subjects differed from the usual pattern.
One subject always demonstrated significant flow later
alization to the right cerebral hemisphere, while two oth
ers showed no consistent significant side to side differ
ence. For the longer reading aloud tasks this resulted in
nonsignificant differences in amplitude between the
MCA at P2 (e.g., reading 30 seconds aloud: 10.5% ±
5.8% for the left side versus 9.8% ± 6.4% for the right)
because of the greater variance in this group. Corre
spondingly the left to right ratio was significantly smaller
in the group of left-handed subjects in comparison with
the right-handed group (e.g., reading 30 seconds aloud:
0.6 ± 8.3 for left-handed versus 4.2 ± 2.7 for right
handed).
We did not find any significant correlation between
sex, age, educational status, or lateralization quotient and
the relative amplitude of the maxima, their latencies, or
side to side differences.
=

DISCUSSION

We have demonstrated in healthy subjects that reading
evokes typical temporal patterns of CBFV in both MCA,
which are accompanied by significant side to side dif-
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ferences. Because cerebral blood flow and metabolic de
mand are linked, the observed peaks in CBFV should
reflect relative differences in activity, whereas non-task
related influences should be essentially diminished by
the averaging process. Although TCD does not allow
quantitative analysis of absolute CBF values, it is pos
sible to interpret relative changes in CBFV as changes in
CBF with one important assumption: using CBFV as an
index of CBF requires that the diameter of the insonated
vessel remains constant, because even small changes in
vessel diameter could significantly affect data that are
based on CBFV measurements (Kontos, 1989). There are
no validation studies known to us that have proven that
there are no changes in the cerebral conductance vessels
during exercise or cognitive activity. Several studies,
however, have been performed that suggested that there
are no significant changes of the MCA diameter under a
variety of rigorous conditions. These included CBF mea
surements by different established methods during spon
taneous flow variations (Lindegaard et aI., 1987), the
administration of vasoactive drugs (Krapf et aI., 1987),
autoregulatory challenge (Newell et aI., 1994; Larsen et
aI., 1994), and-within a wide range-changes of Paco2
(Clark et aI., 1996; Poulin and Robbins, 1996).
Interpretation of the relative maxima and minima

Using repetitive visual stimulation and averaging tech
niques in the posterior cerebral artery, Aaslid ( 1987) has
shown that a fast increase in blood flow in the posterior
cerebral artery can be noted after stimulation. The CBFV
increase reached 50% of its maximum response after 2.3
seconds and 90% after 4.6 seconds. Changes in CBFV
within a similar time span have been observed as a result
of the autoregulatory response to a sudden fall in ABP
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(Aaslid et al., 1989). These results give evidence for the
human brain's ability to adjust the diameter of its resis
tance vessels within a few seconds. In our study P I
seems t o fit into this temporal frame, but it was signifi
cantly smaller or sometimes even absent during silent
reading as compared with reading aloud. Early maxima
of CBFV have been observed in other TCD studies in
which the subjects were reading aloud (Droste et aI.,
1989; Diehl et al. 1990), and the suggestion had been
made that the Valsalva maneuver accounted for some of
the observed changes. Our own observations of CBFV
and ABP during the Valsalva maneuver support this
view. A strain of 20 mm Hg of intrathoracic pressure,
e.g., produces a transient increase in CBFV of approxi
mately 10% with a similar latency as P I (Tiecks et aI.,
1995), while a single "ahem" may raise intrathoracic
pressure and in its course ABP by 20 to 30 mm Hg
(Sharpey-Schafer, 1953). Because whispering or silent
tasks without any apparent Valsalva maneuver also may
produce an initial peak in CBFV, it seems possible, how
ever, that there is an additional nonspecific arousal with
the beginning of' the task.
Moreover, there is evidence for a transient, relatively
small increase in MCA velocity caused by visual stimu
lation because of eye opening (Aaslid, 1987). This in
crease is smaller, however, almost by a factor of 10, in
comparison with the respective increase in posterior ce
rebral artery velocity.
In contrast to its course during P I , ABP was not con
sistently increased during stimulation and did not reach a
relative maximum at the time of P2. Additionally, cere
bral autoregulation should have been able to restore con
stant cerebral blood flow within 13 seconds. (Aaslid et
aI., 1989; Newell et aI., 1994). Thus it is most likely that
the maximum in CBFV was specifically caused by the
bilateral activation of different brain areas because of the
respective task. Bilateral activation of distinctive cortical
areas including the striate and prestriate cortex and pri
mary and supplementary motor areas, and predominantly
left-sided activation of the dorsolateral prefrontal cortex,
the inferior frontal region (Broca's area), and different
parts of the temporal and perisylvian parietal cortex has
been demonstrated during linguistic tasks by PET (Wise
et aI., 199 1; Howard et aI., 1992; Leblanc et aI., 1992;
Rumsey et aI., 1992). Activation of the cerebellum, the
cingulum, and the basal ganglia including both caudate
nuclei and a left thalamic-pallidal area has also been
reported (Wallesch et aI., 1985; Petersen et aI., 1988;
Howard et aI., 1992). We presented a relatively simple
task, which was designed to have minimal emotional or
cognitive impact. Nevertheless, it was complex enough
to include primary visual processes, pattern recognition,
access to a visual input lexicon, and semantic processing,
as well as word retrieval, word production, and finally
articulation. Although we tried to avoid other influences
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it cannot be excluded that there was additional secondary
activation of other brain areas caused by associative
thoughts or emotions (Bryden et aI., 199 1; George et aI.,
1995) or modulation by varying degrees of attention
(Meyer et aI., 199 1) or anxiety (Gur et aI., 1987). These
variables may also account for some of the variance be
tween the subjects. Considering the size of those brain
areas, which are potentially stimulated, however, it is not
surprising that we found changes in CBFV of more than
10% in both MCA, which supply most of the above areas
except for the visual cortex.
The amplitudes of the induced changes during the
task, however, suggest that there is habituation to the
stimulus: after P2, CBFV tended to decrease below base
line on both hemispheres when the stimulus lasted for 20
seconds or more. In addition, CBFV at P2, P3 and Nm
was smaller, the longer the task lasted. During pilot trials
(unpublished) CBFV also tended to be diminished with
the number of repetitions. Habituation to a stimulus has
been reported previously (Risberg, 1986; Droste et a!.,
1989), and other authors have found a relative drop in
CBFV during tasks of longer duration (Droste et aI.,
1989; Diehl et aI., 1990). Whether this is caused by a
decrease in attention (Meyer et aI., 1991) or motivation,
maybe in part because of the repetition of the same text,
or whether it may be a reflection of better adaptation to
the respective stimulus is an open question to be ad
dressed.
The side to side differences, however, do not show any
marked decrease before the end of the respective task. In
combination these findings can be explained by a short
lasting activation of major brain areas on both hemi
spheres, which is tapering off after about 13 seconds in
reading aloud. Another theoretical explanation would be
that the activation effect is counterbalanced by hypoper
fusion of other regions in the same vascular territories.
At the same time, centers that are specific for the task
obviously remain activated and continue to receive rela
tively more blood, as expressed by the relatively small
but very constant side to side difference of about 5%.
We were not able to confirm the sex- or handedness
related differences in blood flow activation reported in a
previous PET study (Gur et aI., 1982). This may be re
lated to our limited number of cases and the better spatial
resolution of PET, which allows better analysis of a lo
calized region of interest.
Nevertheless, analysis of CBFV changes by the induc
tion of mental activity may become a clinically helpful
tool. It is likely that severe focal or general defects will
affect the patterns or the latencies and amplitudes of
cognitively evoked flow, because intact metabolic cou
pling in the respective brain areas is required to produce
the characteristic''normal" response. Whether such pos
sible abnormalities, as they have been described after
auditory stimulation (Bruneau et aI., 1992), may lead to
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new diagnostic or prognostic insights remains to be an
swered.

surgery, should be performed to further evaluate the po
tential of this method.
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