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Abstract

Objective: The effects of sleep deprivation on cerebral metabolism and 
blood flow have been investigated using different methods. To evaluate 
cerebral blood flow (CBF) changes and reactivity using transcranial Doppler 
(TCD) sonography in response to visual stimulation before and after sleep 
deprivation.
Materials and Methods: The study included twenty healthcare professionals. 
For each cerebral hemisphere, the flow velocities of the two posterior cerebral 
arteries (PCA) were measured using TCD with eyes closed before and after 
sleep deprivation. Again, before and after sleep deprivation, visual stimulation 
was given with eyes open and flow velocity in PCA was recorded. The visual 
reactivity value was calculated for the right and left hemispheres before and 
after sleep deprivation. Reactivity is calculated as relative changes in blood 
flow velocity [ΔBFv = 100*( Vs-Vr)/Vr].
Results: It was found that CBF velocity increased significantly in response 
to visual stimulus before and after sleep deprivation in the right and left 
hemispheres (p<0.001).
In both hemispheres, CBF velocities measured after sleep deprivation 
without visual stimulus increased compared with those measured before 
sleep deprivation, but this increase showed statistical significance only for 
the right hemisphere (p=0.008). It was observed that the visual reactivity 
value calculated after sleep deprivation from the right and left hemispheres 
significantly decreased compared with that before sleep deprivation 
(p<0.001).
Conclusion: We found that visual reactivity values in healthcare professionals 
were significantly reduced after sleep deprivation. This decrease in visual 
reactivity value may cause decreased attention and prolongation of reaction 
time in healthcare professionals.
Keywords: Cerebral reactivity, sleep deprivation, posterior cerebral artery, 
visual stimulation

Öz

Amaç: Bu çalışmada uyku deprivasyonu öncesi ve sonrası görsel uyarıya 
yanıtla oluşan, serebral kan akım (CBF) hızı değişikliklerini ve reaktiviteyi 
transkranial Doppler sonografi (TCD) ile değerlendirmeyi amaçladık.
Gereç ve Yöntem: Çalışmaya, 20 sağlık çalışanı alındı. Her bir hemisfer için, 
uyku deprivasyonu öncesi ve sonrası, gözler kapalı konumda iken TCD ile 
her iki posterior serebral arterden (PCA) akım hızlarına bakıldı. Ve yine uyku 
deprivasyonu öncesi ve sonrası, gözler açıkken, görsel uyarı verildi ve PCA’daki 
akım hızları kaydedildi. Ayrıca sağ ve sol hemisfer için uyku deprivasyonu 
öncesi ve sonrası vizüel reaktivite değeri hesaplandı. Reaktivite, göreceli 
kan akım hızı değişiklikleri [ΔBFv = 100*(Vs-Vr)/Vr VR] olarak hesaplandı. 
Vr; minimum hızı gösterir (gözler kapalı, uyaran yok) ve Vs; maksimum hızı 
gösterir (gözler açık, uyaran var).
Bulgular: Sağ ve sol hemisferde uyku deprivasyonu öncesi ve sonrası görsel 
uyarıya yanıtta, CBF hızlarının anlamlı olarak arttığı görülmştür (p<0,001). 
Her iki hemisferde de vizüel uyaran olmadan uyku yoksunluğu sonrasında 
ölçülen CBF hızları, uyku yoksunluğu öncesine göre artmıştır, ancak bu 
artış sadece sağ hemisfer için istatistiksel anlamlılık göstermiştir (p=0,008). 
Sağ ve sol hemisferden uyku deprivasyonu sonrası hesaplanan vizüel 
reaktivite değerinin, uyku deprivasyonu öncesi değere göre anlamlı düştüğü 
görülmüştür (p<0,001).
Sonuç: Sağlık çalışanlarında görsel reaktivite değerlerinin uyku 
yoksunluğundan sonra önemli ölçüde azaldığını bulduk. Görsel reaktivite 
değerindeki bu azalma, sağlık çalışanlarında dikkatin azalmasına ve reaksiyon 
süresinin uzamasına neden olabilecektir.
Anahtar Kelimeler: Serebral reaktivite, uyku deprivasyonu, posterior serebral 
arter, görsel uyarı
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Introduction

The activity and rest periods of human life are variable. For 
survival, an individual needs sleep to work and perform daily 
activities. Waking and sleeping periods change in a cyclical 
(circadian) rhythm. Neglect of sleep can lead to disturbances 
in various systems of the body. Modern society often makes it 
necessary to increase productivity at the expense of insomnia. 
However, research has shown that long- term sleep deprivation 
or chronic short sleep causes a decrease in cognitive functions 
which may lead to reduced productivity (1-4).
Prolonged sleep deprivation causes loss of several basic cognitive 
abilities, such as attention, as well as complex cognitive 
functions such as fluent speech, logical thinking, and decision-
making ability (5). Sleep deprivation causes a general decrease 
in cerebral blood flow (CBF) and metabolism, as well as a more 
pronounced decrease in high cortical functions (6). Previous 
studies have shown that suppression of sleep also causes 
decreased visual attention (7).
Vasodilation and an increase in blood flow velocity occur in the 
cerebral arteries in response to the metabolic demand, which 
increases as a result of the activation of the cerebral cortex (8). 
Using transcranial Doppler (TCD) sonography, it is possible 
to observe the changes in blood flow velocity in the cerebral 
arteries, as well as in the CBF with visual and motor stimulation 
(8,9). TCD can also show the relationship between neuronal 
activation and metabolic requirement by enabling continuous 
recording of blood flow velocity changes from the posterior 
cerebral artery (PCA) using visual stimulation (10).
In this study, we aimed to evaluate changes in CBF velocity and 
reactivity caused by the response to visual stimulation before 
and after sleep deprivation using TCD.

Materials and Methods

Upon the approval of the ethics committee, 20 healthcare 
professionals were included in this study to evaluate the 
changes in CBF and reactivity caused by the response to 
visual stimulation before and after sleep deprivation between 
May 1st 2010 and August 1st 2010. Approval was obtained 
from the Ethics Committee of Trakya University (decision no: 
10-07, date: 28.05.2009). All participants gave their written 
informed consent to participate in the study. Healthcare 
professionals were evaluated twice, before and after a 24-hour 
sleep deprivation. 24-hour sleep deprivation was evaluated by 
recruiting healthcare professionals who are working 24-hour 
shifts, meaning, who are awake for 24 hours. Getting at least 
8 hours of sleep before 24-hour sleep deprivation was taken 
as an inclusion criterion. The study included healthy young 
males who are aged 20 to 40 of age with no history of chronic 
illness, sleeep disorder and visual disturbances, and with normal 
physical and neurologic examinations.
Individuals younger than 20 years and older than 40 years, 
females, and those with a previous sleep disorder, history of 
psychiatric or organic illness, visual impairment, and those 
who smoked more than ten cigarettes and consumed more 
than five cups of coffee per day were excluded from the study. 
The healthcare professionals who participated in the study 

were informed that no medication that could affect the central 
nervous system should be taken 24 hours before the procedure, 
and, smoking should be stopped at least half an hour before 
and coffee should not be consumed at least 6 hours before the 
procedure.
The participants were placed in a quiet room, relaxed and in 
a lying position with 2-MHz TCD (Multi-Dop X4/CD8, DWL 
Elektronische Systeme GmbH, Sipplingen) probes being placed 
on the bilateral temporal bone with an elastic headband and 
the temporal bone at a depth of 60-70 mm. Probes were fixed 
by finding P2 branches of two PCAs. Whether the artery was a 
PCA was proved according to the increase in blood flow velocity 
in response to visual stimulation. The participants were asked 
to follow the testers fingertips for 20 seconds with the eyes 
open, and then to keep their eyes closed for 20 seconds. This 
40 second period was repeated a total of 10 times. The time at 
which the visual stimulation began was indicated by an acoustic 
signal every 20 seconds.
For each cerebral hemisphere, the flow velocities of the two 
PCAs were measured using TCD at different times, before and 
after sleep deprivation, with eyes closed. Again, before and 
after sleep deprivation, visual stimulation was given with eyes 
open, and flow velocity in the PCAs was recorded. The visual 
reactivity value was calculated for the right and left hemispheres 
before and after sleep deprivation. Reactivity is calculated as 
relative changes in blood flow velocity. [ΔBFv = 100*(Vs-Vr)/ Vr 
Vr; indicates minimum velocity (eyes closed, stimulus off) and 
Vs; indicates maximum velocity (eyes open, stimulus on)] (10).

Statistical Analysis

The statistical analysis of the data was performed using the 
SPSS 11.5 software. Descriptive statistics (mean, standard 
deviation, median, lowest, highest, frequency and ratio values) 
were used for the data. Nonparametric tests were used for 
the measurements obtained. Wilcoxon signed-rank test was 
used for repeated measurements. P values less than 0.05 were 
considered as statistically significant.

Results

Twenty healthcare professionals were included in this study to 
evaluate the changes in CBF velocity and reactivity in response 
to visual stimulation before and after sleep deprivation. The 
average age of the participants was 31.3±4.7 years, and all 
were male.
It was found that the CBF velocity increased significantly in 
response to visual stimulus before and after sleep deprivation in 
the right and left hemispheres (p<0.001) (Table 1).
In both hemispheres, CBF velocities measured after sleep 
deprivation without visual stimulus increased compared to 
before sleep deprivation, but this increase showed statistical 
significance only for the right hemisphere (p=0.008). Under 
visual stimulus in both hemispheres, there was no statistically 
significant difference in CBF velocities before and after sleep 
deprivation (Table 1).
It was observed that the visual reactivity value calculated 
after sleep deprivation from the right and left hemispheres 
significantly decreased compared to before sleep deprivation 
(p<0.001) (Table 2).
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Discussion

In our study, CBF velocities in the right and left hemispheres 
increased significantly in response to visual stimuli before 
and after sleep deprivation (p<0.001). In both hemispheres, 
CBF velocities measured after sleep deprivation without visual 
stimuli increased compared to before sleep deprivation, but 
this increase showed statistical significance only for the right 
hemisphere (p=0.008). There was no statistically significant 
difference in CBF velocity before and after sleep deprivation 
under visual stimulus in both hemispheres (Table 1). In addition, 
visual reactivity values in the right and left hemispheres 
calculated after sleep deprivation were significantly decreased 
compared to the values obtained before sleep deprivation 
(p<0.001) (Table 2).
TCD is a technique that noninvasively measures alters in CBF 
velocity in the main cerebral arteries during a given stimulus 
with high temporal resolution. Alters in CBF velocity have been 
reported to correlate with changes in CBF in the basal cerebral 
arteries if the arterial diameter remains constant (11,12). In fact, 
flowmetry studies with TCD have demonstrated the presence of 
visually evoked CBF velocity responses (13). It has been shown 
that subjects looking at an inverted checkerboard, commonly 
used as a visual stimulus, caused an 18% increase in blood flow 
velocity in the PCA, which supplies blood to the visual cortex 
(14). In general, the increased metabolic demands of cerebral 
activation cause dilation of arterioles and a consequent increase 
in the flow velocity of basal cerebral arteries (15-17). Increased 
regional cerebral metabolism in the occipital cortex due to 
visual stimulation has also been demonstrated by positron 
emission tomography (PET) studies (18). In our study, it was 
observed that flow velocities in the right and left hemispheres 
increased significantly in response to visual stimuli before and 
after sleep deprivation (p<0.001) (Table 1).
Using PET, Thomas et al. (19) demonstrated that total 
metabolism reduced after short-time sleep deprivation, with 
further decreases in the thalamus, prefrontal and posterior 
parietal cortices. Similar to PET studies, multiple studies of 
acute sleep deprivation on attention using functional magnetic 
resonance imaging (fMRI) have also reported reduced activation 
in prefrontal regions (20). However, findings from fMRI studies 
specifically for the thalamus are controversial. Some fMRI studies 
on attention and sleep deprivation have reported increased 
thalamic activation after sleep loss, while others have not.  

A recent meta-analysis of 11 studies assessing sleep deprivation 
using fMRI showed that brain activation in regions including 
the bilateral intraparietal sulcus, bilateral insula, right prefrontal 
cortex, medial frontal cortex and right parahippocampal gyrus 
was significantly decreased after sleep deprivation compared to 
rested wakefulness, while it was increased only in the bilateral 
thalamus (20). In other words, it has also been reported that 
sleep deprivation may cause regional changes in the brain, i.e. 
decreased activity in the anterior brain but increased activity 
in the posterior brain, and decreased default network and 
thalamocortical connectivity but increased interhemispheric 
connectivity (21).
The thalamus is crucial in maintaining wakefulness and vigilant 
attention (22-24). Previous behavioural reports have shown 
that alertness and vigilant attention are reduced after sleep 
deprivation (25). The observation of increased rather than 
decreased thalamic activity with decreased alertness and 
vigilant attention after sleep deprivation could be interpreted 
as an increased effort of thalamic activation to compensate for 
the dysfunction of the fronto-parietal attention network after 
sleep loss (19). Studies have found that thalamic activation 
is greater in sleep deprivation than in rested wakefulness, 
and task difficulty in rested wakefulness is relation with 
increases in thalamic activation, but not in sleep deprivation 
(19). In conclusion, increased thalamic activation after sleep 
deprivation may demonstrate a complex interaction between 
the arousing effects of sleep loss and the arousing effects of task 
performance on thalamic activity (20). It has also been shown 
that cognitive performance is maintained at an acceptable 
level as a result of prolonged sleep deprivation and that this 
compensation mechanism is more pronounced in the right 

Table 2. Reactivity values before and after sleep deprivation

Vissual reactivity p

Reactivity in right hemisphere before sleep 
deprivation

69.9±25.1
p<0.001

Reactivity in right hemisphere after sleep 
deprivation

29.9±11

Reactivity in left hemisphere before sleep 
deprivation

61.8±26.4
p=0.006

Reactivity in left hemisphere after sleep 
deprivation

36.5±14.7

P value of <0.05 was considered as statistically significant

Table 1. Blood flow velocity before and after sleep deprivation

PCA flow velocity After sleep 
deprivation p Before sleep 

deprivation p p

Right hemisphere PCA Vr (stimulus off) 28.4±7.32
p<0.001

22.6±6.5
p<0.001

p=0.008

Right hemisphere PCA Vs (stimulus on) 37±10.4 37.7±9.5 p=0.22

Left hemisphere PCA Vr (stimulus off) 29.5±8.07
p<0.001

25.9±8.3
p<0.001

p>0.05

Left hemisphere PCA Vs (stimulus on) 39.9±10.6 40.3±9.8 p>0.05

Vr; minumum velocity cm/sec (eyes closed, stimilus off), Vs; maximum velocity cm/sec (eyes open, stimulus on).

P value of <0.05 was considered as statistically significant.

PCA: Posterior cerebral arteries
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cerebral hemisphere, according to Drummond and Brown (26), 
and Drummond et al. (27). Consistent with the above, our 
study showed an increase in blood flow after sleep deprivation 
in the absence of visual stimuli compared to before sleep 
deprivation in both hemispheres, but this was significant in the 
right hemisphere (Table 1).
Nutrition and blood flow in the brain, are provided by 
neurovascular coupling (NVC), which is determined as the 
adjustment of local CBF in accordance with the underlying 
cortical neural activity (8). NVC includes a complex interaction 
between activated neurons, astrocytes, and microvascular 
endothelial and smooth muscle cells. These may involve 
alterations in neuronal activation, dysfunction of astrocytes, 
and/or changes in production of vasodilator mediators by 
microvascular endothelial cells (28). Cerebrovascular reactivty 
(CVR) measurement can indicate the capacity of cerebral 
blood vessels to respond to neuronal metabolic stimuli, hence 
NVC, and is commonly used to assess cerebrovascular function 
(29). As a result, decreased CVR may cause inadequate energy 
supply, especially in regions with increased energy demand 
(30). Jackson et al. (7) evaluated 27 hours of sleep deprivation 
with electoencephalography and revealed performance deficits 
in visual tasks. In the study by Lee et al. (31), P300 latency 
was prolonged and amplitude was decreased during 38 hours 
of sleep deprivation; this was shown to cause impairment 
in cognitive performance in terms of alertness and reaction 
time. In a recent study using TCD and functional near-infrared 
spectroscopy, it was shown that 24 hours of sleep deprivation 
impaired maintenance of attention and slowed reaction time 
without profound changes in cognitive areas such as working 
memory, visual memory and short-term visual information 
matching (28). In our study, in which we evaluated the 
posterior circulation system, a significant decrease in reactivity 
in response to visual stimuli was observed in both hemispheres 
after sleep deprivation (Table 2). This may result in decreased 
attention and prolonged reaction time.
Numerous studies have indicated the disruptive 
neurobehavioural effects of sleep deprivation on attention, 
working memory and other cognitive tasks; these effects are 
manifested in the form of psychomotor slowing, increased 
neglect and application errors, and decreased learning of 
cognitive task (25,32). It is inevitable that this situation will 
affect people who work in shifts or are exposed to long working 
hours, and of course health professionals more. Shift work is 
associated with deep synchronisation of circadian rhythm (33). 
As the circadian rhythm reduces daytime sleepiness, sleep time 
between consecutive night shifts may be further reduced. When 
this reduced sleep duration is added to the circadian dysfunction 
associated with the night shift, the impact of reduced sleep 
duration on cognitive function in healthacre professionals will 
be of concern. Sleep deprivation and misalignment of circadian 
phase will also be associated with slow reaction time, frequent 
loss of attention and increased error rates when performing 
tasks (34).

Study Limitations

The fact that the subject group in our study consisted of 
healthcare professionals of similar age, male gender and 
without a history of previous illness is important in terms of 
ensuring the homogeneity of the group. On the other hand, 
the small number of healthcare professionals and the inability 
to perform cognitive tests can be considered as limitations of 
our study.

Conclusion

In our study, CBF velocities in the right and left hemispheres 
increased significantly in response to visual stimuli before and 
after sleep deprivation. In both hemispheres, CBF velocities 
measured after sleep deprivation without visual stimuli increased 
compared to before sleep deprivation, but this increase was 
more pronounced in the right hemisphere, suggesting that 
the compensation mechanism after sleep deprivation is more 
effective in the right hemisphere. We also found that visual 
reactivity values in healthcare professionals were significantly 
reduced after sleep deprivation. This decrease in visual reactivity 
value may cause decreased attention and prolongation of 
reaction time in healthcare professionals.
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