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Changes in regional cerebral blood volume in frontal
cortex during mental work with and without
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Abstract. Near-infrared spectroscopy (NIRS) was used to measure
frontal regional cerebral blood volume (rCBV) in a person whose
brain was under the influence of pharmacological agents while the
person was performing a complex task. Fourteen healthy participants
were administered Uchida-Kraepelin psychodiagnostic (UKP) tests be-
fore and after caffeine intake, and the concentration of caffeine in the
urine was measured. The average number of answers and the average
number of correct answers given by the participants improved signifi-
cantly following caffeine intake. During the UKP testing, changes in
the rCBV in the inferior frontal cortex were continuously measured
using NIRS. The volume during the rest periods decreased as a result
of caffeine-induced constriction of the cerebral arteriola. The volume
increased during the mental work, but the degree of the increase was
the same before and after caffeine intake. Although the performance
of the mental work improved following caffeine intake, the improve-
ment was not reflected in the rCBV in the inferior frontal cerebral
cortex. These results suggest that caffeine helps to protect the brain
from excessive hyperemia in addition to activating the neurons in the
prefrontal cortex. © 2004 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1755233]
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1 Introduction
People at work often drink coffee or tea during break times
and the pharmacological effect of caffeine on the central ner
vous system and circulatory system is well understood. A
typical cup of coffee contains 150 to 250 mg of caffeine,
enough to stimulate the central nervous system and to con
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strict the cerebral arteriola.1 This means that caffeine im
proves a person’s abilities to think and to concentrate wh
doing mental work, while at the same time helping the pers
to recover from fatigue and to shake off drowsiness.

The association area in the prefrontal cortex~PFC! of the
human brain has been shown to be related to mental wo2

The Uchida-Kraepelin psychodiagnostic~UKP! test is a good
mental task for investigating the changes in the regional ce
bral blood volume~rCBV! in the inferior frontal cerebral cor-
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Changes in regional cerebral blood volume . . .
tex during mental work with and without caffeine intake since
performance on the UKP test is improved by the intake of
caffeine because caffeine directly affects the central nervou
system.3 In the UKP test, a subject is presented a paper on
which multiple horizontal lines of random single-digit num-
bers are shown and asked to calculate as quickly and acc
rately as possible the sum of each pair of adjacent numbe
from left to right at the rate of one line per minute. The results
are used as a measure of the person’s ability to perform wor
and personal character.4 The UKP test is also frequently used
in clinical psychiatry along with the Rorschach test to deter-
mine the patient’s ability to perform simple mental work.5

Our first question is whether UKP testing induces change
in the rCBV in the inferior frontal cerebral cortex. Assuming
that the answer is yes, our second question is How does th
rCBV change during UKP testing after caffeine intake? Caf-
feine is often used to suppress headaches because it constri
the blood vessels in the brain, which suggests that caffein
intake also reduces the rCBV. Although mental work is known
to induce various changes in the rCBV in the frontal region of
the brain6–9 and caffeine is known to induce
vasoconstriction,10 our two questions remain unanswered, at
least to our knowledge.

It takes a person at least 1–2 h to perform the calculation
in the UKP test. It also takes the same amount of time for
caffeine intake to affect performance. A good way to continu-
ously monitor changes in the rCBV in the inferior frontal
cortex during lengthy experiments in which the participant
may move around is to use near-infrared spectroscopy~NIRS!
because it is noninvasive. The near-infrared light can pen
etrate a living body, owing to its high transmissivity, and the
differences in the light absorption properties of oxyhemoglo-
bin ~Hb! and deoxy-Hb in the body can be used to estimate
the Hb concentrations.11,12 Using near-infrared spectroscopy
~NIRS!, we examined the changes in the rCBV in the prefron-
tal cortex and the effect of caffeine on the blood vessels in th
brain during mental work~UKP tests! with and without caf-
feine intake.

2 Materials and Methods
2.1 Participants, Caffeine Intake, and Mental Work
Fourteen healthy men and women, aged 21 to 50, participate
in our experiment. We obtained written informed consent
from all participants beforehand. Each participant completed
eight mental work sessions~I–VIII ! lasting 15 min each. As
shown in Fig. 1~a!, each session consisted of five 1-min
~UKP! test periods, each of which was preceded and followed
by a 1-min rest period, with a 4-min rest period at the end
Immediately after finishing the third session, the participant
drank coffee, either with or without caffeine.

The caffeine was administered following a double-blind
protocol.CAF(1) indicates coffee with 180 mg of pharma-
copoeia caffeine added to 2 g of caffeine-free coffee, while
CAF(2) indicates caffeine-free coffee. The participants were
asked not to consume anything containing caffeine for 24 to
48 h before the experiment. Each participant performed men
tal work under both theCAF(2) andCAF(1) conditions on
different days after an interval longer than 1 week to mini-
mize the effect of the experiment itself.
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At the start of each 1-min test period, a piece of paper w
a horizontal line of random single-digit numbers was plac
on a table in front of the participant, who was then asked
calculate as quickly and accurately as possible the sum
each pair of adjacent numbers from left to right and to wr
the totals on the paper in accordance with the UKP test
protocol. After completing sessions I–III, the participan
took a brief break to drink coffee. They then performed s
sions IV–VIII. Taking the learning effect and the length of th
effectiveness of caffeine into consideration, we used the a
ages of the values obtained for sessions II and III as the
coffee-drinking values and the averages of the values obta
for sessions VI and VII as the post-coffee-drinking values

2.2 rCBV Measurement
We measured the rCBV~the total Hb volume! in the frontal
region using a three-wavelength~727, 803, and 827 nm! spa-
tially resolved-spectroscopy~SRS!-based photometer~OM-
200 NIRS monitor, Shimadzu, Tokyo!. The incident light was
directed though a guide onto the participant’s head, and
light reflected back from the brain was collected with an o
tical probe consisting of two separate detectors, one 2.5
from the light guide and one 4 cm away. Using SRS enab
us to obtain the total volume of Hb in tissue in an arbitra
unit ~a.u.!.13,14 The three laser diodes were activated sequ
tially to avoid interference. The temporal resolution of da
acquisition was 1 s. Using this setup, we obtained continu
noninvasive measurement of the rCBV in the superficial p
tion of the brain~2 to 3 cm deep!. To enable us to monitor the

Fig. 1 (a) Rest and test periods in each work session; caffeine intake
was after the third session. (b) Changes in rCBV over the course of
eight sessions; rCBV is the concentration of Hb (a.u.). (c) Changes in
rCBV during session VI; the periods labeled UKP were 1-min periods
during which a mental work test was performed. The solid triangles
show the lowest rCBV during each rest period. (d) Weighted average
increase in rCBV for five test periods in session VI. Each participant
started mental work at 30 s and finished it at 90 s; the double-headed
arrow indicates a 10-s period used to calculate the average value of
rCBV during the rest period.
urnal of Biomedical Optics d July/August 2004 d Vol. 9 No. 4 789
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Fig. 2 Caffeine and its metabolites.
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rCBV of the association area in the PFC, the NIRS probe wa
placed against the participant’s head, with the midpoint be
tween the light emitter and light receptor 5 cm to the left of
the midline of the frontal region and 3 cm above the supraor
bital margin.9

As mentioned earlier, Fig. 1~a! shows the pattern of rest
and test periods during each session. Figure 1~b! shows the
rCBV measured over an entire session as an example, an
Fig. 1~c! shows it for one session~VI !. The lowest measured
volumes during each rest period before and after each te
period are shown by the solid triangles. The average value o
these points was defined as the baseline for measurement d
ing the test periods. During each test period, the increase i
the frontal rCBV was calculated by summing the total in-
crease in volume of Hb~a.u.! from the baseline using offline
analysis with MS Excel. The average value for the five tes
periods in one session was defined as the average change
the rCBV @the hatched area in Fig. 1~d!#. For each 1-min rest
period before and after each test period, an average volume
10 s, indicated by the double-headed arrow in Fig. 1~d!, was
defined as the rCBV during the rest period. This 10-s period
was the most stable period during which the effect of the pre
and post-UKP tests on the basal rCBV was at a minimum.

2.3 Scalp Blood Flow
To clarify the effect of blood flow in the scalp on the NIRS
signal, we measured tissue blood flow in the same area of th
scalp as measured with NIRS using a laser-Doppler flowmete
~LDF! ~FLO-C1LDF, Omega Flow Inc., Tokyo! with a time
constant of 1 s.

2.4 Caffeine Analysis
Urine samples were collected before and after the test sessio
and frozen immediately after collection. To determine the
amount of caffeine in the samples, we used a high-
performance liquid column chromatography and mass spec
troscopy ~LC/MS! method partially modified from that de-
scribed by Dobrocky et al.15 Caffeine and its metabolites, 1,7-
dimethylxanthine and 1-methylxanthine~Fig. 2!, were
measured with an LC/MS~LC: Hitachi L-4200 UV-VIS,
L-6200 Intelligent Pump; MS: Hitachi M-1000 quadruple
mass spectrometer!. The caffeine and its metabolites were
ionized using atmospheric pressure chemical ionization, an
the ion concentration was measured using selected ion mon
toring. The peak area method was used to determine the qua
tity of substances detected. The amounts of caffeine and it
metabolites differed even though the concentrations of each i
the samples were the same because the urine volumes vari
among participants. Therefore creatinine was used as the sta
dard for comparing samples because a specific quantity o
creatinine is discharged during a given time. We measured th
790 Journal of Biomedical Optics d July/August 2004 d Vol. 9 No. 4
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creatinine concentration with a creatinine analyzer~Creatinine
Analyzer 2, Beckman Instruments! to determine the volume
of urine equivalent to 0.2 mg of creatinine.

2.5 Statistics
Data are shown as the mean plus or minus the standard
viation ~S.D.!. The statistical significance~the P value! was
evaluated using the pairedt test. Significance was taken a
P,0.05.

3 Results
3.1 Effect of Caffeine on Mental Work
Figure 3~a! shows the average number of answers per ses
for one typical participant. It decreased slightly aft
CAF(2) intake, probably owing to growing fatigue, while
increased afterCAF(1) intake. Compared with the averag
number of answers for the second and third sessions, the
erage number for the sixth and seventh sessions decre
4.5%~from 88 to 84! afterCAF(2) intake, while it increased
9.1% ~from 88 to 96! afterCAF(1) intake@Fig. 3~b!#. These
percentage changes in the average number of answers~after/
before! for CAF(2) andCAF(1), connected by a line, are
shown in Fig. 3~c!.

The percentage changes in the average number of ans
for all 14 participants are shown in Fig. 4. Each participan
CAF(2) andCAF(1) are connected by a line. The avera
number increased4.268.6% after CAF(2) intake and7.2
66.4% after CAF(1) intake. Except for three instances, th
average number was higher afterCAF(1) intake than after
CAF(2) intake. A pairedt test showed that the difference
betweenCAF(2) andCAF(1) were significant(P,0.05).

The results for the number of correct answers were b
cally the same because most of the answers given were
rect, so the data are not shown. The number of correct
swers increased2.464.1% after CAF(2) intake and7.4

Fig. 3 (a) Average number of answers by one participant for five tests.
(b) Average number of answers by one participant before (sessions II
and III) and after (sessions VI and VII) drinking coffee. (c) Percentage
change in average number of answers from before to after drinking
coffee for CAF(2) and CAF(1), connected by a line.
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Fig. 4 Percentage changes in average number of answers from before
to after drinking coffee for 14 participants. Each participant’s
CAF(2) and CAF(1) are connected by a line.
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66.8% after CAF(1) intake. Except for three instances, the
average number of correct answers was higher afte
CAF(1) intake than afterCAF(2) intake. Again, a pairedt
test showed that the differences betweenCAF(2) and
CAF(1) were significant(P,0.05).

3.2 Caffeine and its Metabolites in Urine Samples
Three of the 14 participants were unable to provide a secon
urine sample 2 h after the first one, and we did not subject
them to collection using a catheter. Table 1 shows the averag
concentrations of caffeine, 1,7-dimethylxanthine, and
1-methylxanthine in the samples collected before and afte
CAF(2) or CAF(1) intake for the 11 participants from
whom two samples were collected. The concentrations of caf
feine and its metabolites in the samples are shown on the lef
and the normalized volumes using the equivalent of 0.2 mg o
creatinine are on the right. A pairedt test showed that in both
cases there were significant differences(P,0.05) between
the average concentrations before and afterCAF(1) intake in
caffeine and 1,7-dimethylxanthine, while there were no sig-
nificant differences in 1-methylxanthine.
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3.3 Frontal rCBV Changes
The changes in the frontal rCBV during UKP testing for o
participant forCAF(2) andCAF(1) intake as measured b
NIRS are shown in Figs. 5~a! and 5~b!, respectively. For both
CAF(2) and CAF(1), there was no change in the tissu
blood flow in the scalp as monitored with an LDF, indicatin
that the scalp blood flow did not affect the measured chan
~data not shown!. The baseline forCAF(2) remained un-
changed after intake, while that forCAF(1) dropped. Figure
5~c! compares the changes in the rCBV resting value
CAF(2) with those for CAF(1); they were obtained by
dividing the rCBV value between sessions VI and VII@i.e.,
the value in the double-headed arrow in Fig. 1~d!# by that
between sessions II and III in each experiment. T
CAF(2) and CAF(1) values for each participant are con
nected by a line. The average change in the rCBV forCAF

Fig. 5 (a) Change in rCBV for CAF(2) of one participant over the
course of eight sessions. (b) Change in rCBV for CAF(1) for the same
participant. (c) Percentage changes in rCBV between rest periods from
before to after drinking coffee for 14 participants. (d) Percentage
changes in rCBV between work periods from before to after drinking
coffee for 14 participants. Each participant’s CAF(2) and CAF(1) are
connected by a line. Percentage change=[(average increase during
sessions VI and VII)−(average increase during sessions II and III)]/
[average increase during sessions II and III]3100.
Table 1 Concentrations of caffeine and its metabolites in urine samples of 11 participants and concentrations normalized using 0.2-mg creatinine
equivalent (mean1S.D.).

CAF(2)
(mg/ml)

CAF(1)
(mg/ml)

CAF(2)
(mg/0.2 mg Cr)

CAF(1)
(mg/0.2 mg Cr)

Before After Before After Before After Before After

Caffeine 060 0.160.2 0.360.7 4.560.8a 060 060 0.260.4 2.161.1a

1,7-diMX 060 3.366.5 3.967.6 12.365.2a 060 0.661.2 3.265.0 5.463.2a

1-MX 060 0.861.4 1.263.3 2.762.1 060 0.260.3 0.460.7 1.060.6
MX: methylxanthine
aP,0.05.
urnal of Biomedical Optics d July/August 2004 d Vol. 9 No. 4 791
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Higashi et al.
(2) was 1.663.9%, and that for CAF(1) was 210.8
612.9%.A paired t test showed that the difference between
CAF(2) andCAF(1) was significant(P,0.05), indicating
that the frontal rCBV decreased afterCAF(1) intake.

The rCBV increased incrementally with each mental work
task as a participant repeatedly went through rest and te
periods. Figure 5~d! compares the changes in the rCBV during
work for CAF(2) andCAF(1); they were obtained by di-
viding the average rCBV increase for sessions VI and VII by
that for sessions II and III for each participant@Fig. 1~d!#. The
CAF(2) and CAF(1) values for each participant are con-
nected by a line. The average change in the rCBV for
CAF(2) was 221699%, and that forCAF(1) was 10
657%. A paired t test showed no significant difference be-
tweenCAF(2) andCAF(1) intake, indicating that caffeine
intake had no significant effect on the rCBV during UKP test-
ing.

4 Discussion
Although it is well known that caffeine directly affects the
central nervous system and improves the performance of me
tal work1 and that mental work affects the rCBV in the frontal
region of humans,6–9 there were no available reports on how
caffeine affects the rCBV in the inferior frontal cortex during
mental work like the UKP test. However, because mental cal
culation and number repetition, which are similar to the UKP
test as mental work, are accompanied by the activation of th
PFC,16,17 the same phenomenon should occur during UKP
testing. In the present study, therefore, we aimed to clarify the
effect of caffeine on blood vessels in the brain, the change in
the rCBV in the inferior frontal cortex during UKP testing,
and the changes in the rCBV that are due to caffeine and UK
testing by using NIRS.

Caffeine is immediately absorbed in the gastrointestina
tract, and its plasma concentration reaches a peak within 15
45 min of intake.1 It is then converted into 1,7-
dimethylxanthine and 1-methylxanthine~Fig. 2! in the liver
and excreted in urine from the kidney. The species of caffeine
and the corresponding amounts of metabolic products in th
urine depend on the length of time before urine collection and
on the activity of the metabolic enzyme system in the liver.15

For the 11 participants from whom two urine samples were
collected, the amounts of caffeine and 1,7-dimethylxanthine
in the urine increased afterCAF(1) intake~Table 1!, indicat-
ing that their concentrations in the participants’ blood were
significantly elevated during the UKP testing. In contrast,
there was no significant difference in the concentration o
1-methylxanthine betweenCAF(2) andCAF(1). The basal
values of caffeine and its metabolic products forCAF(1)
were unexpectedly not zero, probably because some partic
pants did not abide by our request not to eat or drink anything
containing caffeine 24 to 48 h before the experiment.

The average number of answers in the UKP testing in
creased afterCAF(1) intake ~Fig. 4!, although 3 of the par-
ticipants, who reported feeling heart palpitations and nause
after caffeine intake, had both fewer answers and fewer cor
rect answers. The reactions were due to ingesting more ca
feine than normally ingested at one time. In general, only the
number of answers is presented for UKP testing because bo
the number of answers and the number of correct answe
792 Journal of Biomedical Optics d July/August 2004 d Vol. 9 No. 4
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show a similar tendency and result in the same conclusio4

Since our results follow this pattern, we show only the resu
for number of answers in Fig. 3 and Fig. 4.

Caffeine is often used as a curative medicine to suppre
headache.1 This pharmacological effect is a result of constric
ing the blood vessels in the brain, which suggests that caffe
intake decreases the rCBV. This is the first report of the
tection of a direct decrease in the rCBV in the human brain
shown in Fig. 5~c!, following caffeine intake. We also found
that the frontal rCBV increased more during mental work th
during rest. This was due to activation of the sympathe
nerve during UKP testing. Furthermore, our finding that t
rCBV increased 10 s before the start of UKP testing sugge
anticipatory elevation of mental tension and activation of t
sympathetic nerve@Figs. 1~c! and 1~d!#. A decrease in the
rCBV was observed during the course of every test per
@Fig. 1~c!#. This may reflect the participant’s becoming acc
mated to the mental task.

The increases in the rCBV during each test period, wh
were described earlier, occurred to the same degree before
after caffeine intake@Fig. 5~d!#. Thus, the improvement in
mental work following caffeine intake was not always acco
panied by a volume change in the cerebral arteriola. Caffe
directly affects the central nervous system by inhibiting ph
phodiesterase activity and the degradation of c-AMP, resul
in an increased concentration of c-AMP in the neurons.1 As
the quantity of mental work increases, the consumption
energy and oxygen should also increase. However, since
oxygen supply to the brain is 2.5 times the amount requi
even during resting,18 the rCBV does not necessarily increa
in proportion to the increase in oxygen consumption.

Based on our present results, we propose another hyp
esis to explain the physiological significance of caffein
When a person performs physical exercise, the temperatu
the active muscles and the amount of blood supplied to
muscles are significantly increased by signals sent through
sympathetic nerve.19 A similar phenomenon would not be
beneficial for a working brain because an excess supply
blood leads to excessive hyperemia and a condition like
thermal runaway of a machine. The caffeine-induced const
tion of the cerebral arteriola prevents this from happening

5 Conclusion
Using near-infrared spectroscopy, we observed the effec
caffeine on blood vessels in the inferior frontal cortex. W
found that the increase in the regional cerebral blood volu
during mental work was the same before and after caffe
intake. These results suggest that caffeine helps protect
brain from excess hyperemia in addition to activating neuro
in the prefrontal cortex.
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