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Abstract 
Irrespective of changes in blood pressure, as a result of exercise, the cerebral blood flow remains 

constant due to cerebral autoregulation.  During exercise the body loses water by sweating, which 

may affect the cerebral blood flow velocity. Transcranial Doppler can measure the cerebral blood 

flow velocity in, among others, the middle cerebral artery. We hypothesize that after endurance 

exercising the loss of water causes the middle cerebral artery blood flow velocity profile to change 

and to decrease on average. Seventeen healthy individuals cycled for 90 minutes twice at a one week 

interval. The first time they were not allowed to drink water and the second time they drank water 

after 45 minutes of exercise. Before and after exercise blood flow velocity was measured with 

Transcranial Doppler.  Participants lost on average 1,17 ± 0,39 kg of water after exercise during the 

first visit. Exercise and loss of water did not change the middle cerebral artery flow velocity. 

However, adding water to the body by means of drinking water or passive leg raising in combination 

with exercise caused several middle cerebral artery flow velocity parameters to change. In 

conclusion, cerebral autoregulation keeps the blood flow velocity stable after exercise and loss of 

water. The adaptations made as a response to the loss of water due to exercise probably stays active 

when adding water, which causes changes in the middle cerebral artery flow velocity profile. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Introduction 

 

Physical exercise changes the physiology of the body in many ways. The cardiac output increases and  

the blood distribution changes in favor of the contracting skeletal muscles and to the disadvantage of 

other parts of the body. 

Cerebral blood flow is usually assumed  to remain stable during exercise, because of the cerebral 

autoregulation (Paulson et al., 1990). Cerebral autoregulation realizes a constant cerebral blood flow: 

irrespective of changes in blood pressure the cerebral blood flow remains constant. A constant 

cerebral blood flow is crucial for the brain function. Only in extreme cases it is known that the 

cerebral autoregulation fails to maintain a stable cerebral blood flow, for example during shock. 

Studies have shown that exercises for approximately 10 minutes did increase the cerebral blood flow 

velocity, but the effect of endurance exercise on cerebral blood flow velocity has not been studied 

extensively (Ogoh et al., 2005; Ogoh et al., 2009; Sato et al., 2011). One  study showed that 

endurance exercise causes an increase in cerebral blood flow velocity at lower intensities but  that 

this velocity steadily declines to base values at higher intensities. At exhaustion it even drops below 

base values. Water loss was found to be the reason of this decrease in blood flow velocity (Trangmar 

et al., 2014).   

During exercise the skeletal muscles generate heat and the body temperature rises which causes 

sweating in order to attempt to lower the body temperature (Sawka, 2001). Sweat is, especially 

when euhydrated, hypotonic. Loss of water through sweating may influence the blood volume and a  

lower blood volume decreases blood flow which may decrease on its turn the cerebral blood flow 

velocity .   

 

Cerebral blood flow velocity can be measured in some of the larger cerebral arteries such as the 

middle cerebral artery (MCA) with transcranial Doppler (TCD) (McCartney et al., 1997). The MCA is 

one of the most frequently used arteries to assess the haemodynamics inside the brain. Changes in 

blood flow velocity cannot be directly attributed to a change in blood flow. In order to determine 

blood flow, also the blood vessel diameter has to be taken into account, but TCD provides no 

information about cross-sectional area of the blood vessel. 

In this study we investigate the MCA flow velocity before and after exercise for an extended period 

of 1,5 hour.  We determine the role of water loss during exercise in the change of blood flow velocity 

profile. We hypothesize that after endurance exercising the loss of water causes the MCA blood flow 

velocity to become more s1 dominant and that the mean MCA blood flow velocity decreases. 

 

 

 

 

 



Methods 

The research protocol (Apendix A. Research protocol, which I worked on during the research project) 

was approved by the Medical Research and Ethics Committee ‘Regionale Toetsingscommissie 

Patiëntgebonden Onderzoek, Leeuwarden’ and conformed the guidelines of the Declaration of 

Helsinki. Before the study was conducted, informed consent was obtained from all participants. 

 

Participants 

Seventeen healthy individuals participated in the study. All participants exercised at least one hour 

twice a week and were aged between 18 and 35 years old. By means of a physical activity readiness 

questionnaire (PAR-Q) the individual participants were examined for any dysfunction that made 

them unsuitable to exercise (CSEP, 2002). Participants did not smoke and were restricted from food 

and drinking respectively 3 hours and 1 hour prior to the research.  

 

Experimental design 

The study consisted of two sessions on two separate days at one week interval with a duration of 3 

and 2 hours, respectively. 

First session 
At the start of the first session height, weight, fat percentage, heart rate and blood pressure were 

measured. Four skinfolds were measured by using a calliper to determine fat percentage (Durning & 

Rahaman, 1967). Heart rate and blood pressure were measured by an automatic oscillometric upper 

arm blood pressure device (kingyield blood pressure monitor BP101H). Also temperature, humidity 

and atmospheric pressure were measured. Exhaled CO₂, height, weight and skinfold measurements 

are explained in more detail below. 

The participant was asked to cycle on a Lode Corival ergometer, an electromagnetic cycle-ergometer 

where the wattage can be adjusted from 7 watt to 1000 watt. The participants cycled for 

approximately 10 minutes at 60±5 rpm. During these 10 minutes their heart rate was constantly 

monitored with a polar strap. The wattage of the ergometer was increased every 2 minutes until the 

heart rate exceeded 130 bpm. Participants cycled for 2 more minutes at the intensity of 130 bpm and 

were next allowed to stop and cool down. The cycling intensity reached at 130 bpm was used as the 

initial wattage that the participants had to cycle for 90 minutes. This was derived from the Åstrand 

protocol (Åstrand & Rhyming, 1954). A complete Åstrand protocol was too tough shortly before 90 

minutes of exercise. Also 70% VO₂max would be too hard to maintain. After 90 minutes the 

participant his or her heart rate approximately reached a point that correlated with 60% of their 

VO₂max. VO₂max is the maximum oxygen consumption defined by millilitres of oxygen per kilogram 

of body mass per minute. Before the actual testing session participants had to rest for 15 minutes 

before middle cerebral artery blood flow (MCAFV), blood pressure, heart rate and exhaled CO₂ were 

measured while sitting and while undergoing passive leg raising (PLR). The measurement of the 

MCAFV is explained in detail further below. After these measurements participants had to cycle for 

90 minutes at the earlier determined intensity at a rotation speed of 60±5 rpm. Participants were not 

allowed to drink water during the first session. After 90 minutes of exercise participants were 

allowed to cool down and weight was measured again. MCAFV, heart rate, blood pressure and 

exhaled CO₂ were measured  as soon as the heart rate went below 100 BPM. The difference in body 

weight was used to assess the amount of water lost during exercise. 



Second session 
The second session began and ended by measuring MCAFV, blood pressure, heart rate and exhaled 

CO₂. Also temperature, humidity and atmospheric pressure were measured at the beginning and the 

end of the session.  In between the participants had to cycle for 90 minutes again, but this time they 

were given water halfway the experiment. Participants were given water that amounted to 70% of 

their loss of body weight which was calculated by subtracting the weight after exercise from the 

weight before exercise during the first visit. 

CO₂ 
Exhaled CO₂ was measured before and after exercise using a capnograph (Datex Capnomac Ultima). 

The participant had to exhale through a tube for a minute. End-tidal CO₂-concentration (ETCO₂) was 

determined from several steady exhalations. ETCO₂ was used to confirm that the  participant was 

ventilating normally. Measurements of blood flow velocity are highly variable with  changes in ETCO₂. 

Height, weight and skinfold measurements 

Height was measured using a stadiometer and weight with an electronic scale (Seca) . Fat was 

measured using a calliper. Four skinfold measurements were done in total. Fat percentage 

calculations where done based on the four skinfold measurement method (Durning & Rahaman, 

1967). Biceps, triceps, subscapular and supra-illiacal skinfolds were used. 

MCAFV 

The MCAFV was measured using TCD (Digi-Lite, Rimed Ltd.). TCD is a diagnostic technique that uses 

ultrasound. It is used to measure the blood flow velocity by means of the Doppler effect. The Doppler 

effect is observed as a change of frequency when there is a difference in velocity between the sender 

and the receiver. In the case of TCD, the probe is stationary. Therefore it measures the velocity of the 

reflecting tissue. With TCD the reflector is the moving blood or actually the erythrocytes within the 

blood (McCartney et al., 1997). The sound reflects from these erythrocytes back to the probe. The 

reflected frequency of the signal is different when erythrocytes move towards the probe compared 

to away from the probe. Also the velocity changes the received frequency.  There are only a few 

locations where the skull is penetrable for ultrasound waves. The window used in this study is the 

temporal bone. Through the temporal bone the blood flow velocity in the MCA was measured. The 

MCA can usually be found at a depth of approximately 50mm and has a mean blood flow velocity of 

60 ± 12 cm/s in the direction of the probe. The TCD device was configured to measure sample 

volumes of 20mm. This is the width of the area measured in the brain. 

First the right MCAFV was measured and then the left MCAFV. The MCAFV was measured for 30-60 

seconds each side depending on the quality of the signal. The measurements were done at the start 

and the end of the 90 minutes cycle experiment. 

Calculations and indices 

MCAFV was characterized in different ways: In the first place the signal was characterized by its peak 

velocity, mean velocity and the Pulsatility Index (P.I.) as can be seen in figure 1a (Gosling & King, 

1974; Mattle et al., 1988).  

 

 

 

 



Furthermore we used the first systolic peak velocity (s1), second systolic peak velocity (s2), the 

difference between both systolic peaks (s1-s2), acceleration (acc) and the mean velocity between 

520ms and 600ms after stroke onset (dias@560) as can be seen in figure 1b (Schaafsma, 2012). 

Acc, S1 and s2 where normalized relative to  dias@560. Acc is the maximal acceleration in the blood 

flow velocity at stroke onset. 

 

Figure 1. Normal TCD signal of the blood flow velocity in the middle cerebral artery. 1a. Representation of the 

traditional parameters. 1b. Representation of the newly defined parameters. 

 
Figure 2. Equipment used to measure the MCAFV. From top to the bottom: Computer that translates the signal 

of the TCD probe to flow velocity and shows the flow velocity, computer that calculates the newly defined 

parameters, the capnograph.  

Data analysis 

To assess differences between the MCAFV before and after exercising a paired-test from IBM SPSS 23 

was used. Also differences between sessions were examined by using a paired t-test. 



Results 
Table 1. Overview of the participants 

 Males (N=8) Females (N=9) 

 Mean SD Mean SD 

Age (y) 24,4 4,0 22,1 3,8 

Length (cm)  182,7 7,1 173,3 5,9 

Weight (kg) 74,4 9,1 65,2 8,8 

Fat % 4-point skinfold 14,0 3,5 27,3 4,7 

Lean body mass 4 point (kg) 63,8 6,2 47,1 4,2 

Initial ergometer wattage 165,6 23,7 108,3 22,9 

 

Table 1 shows an overview of the participants of this study. Seventeen participants completed the 

study  with an average age of 23,2 ± 3,9. 

 

Table 2. Heart rate, blood pressure, %CO₂ in exhaled air and weight before and after exercise during the first 

visit when the participant was not allowed to drink water and during the second visit when the participant 

drank water that amounted to 70% of their loss of weight during the first session. Heart rate and blood 

pressure were measured while the participant was sitting. Significant changes within one visit are shown with 

an asterisk (P<0,05).  

N=17 first visit second visit 

 Before Exercise After Exercise Before Exercise After Exercise 

 Mean SD Mean SD Mean SD Mean SD 

Heart 
rate 

65,9 9,0 83,1 * 10,2 63,7 9,8 72,9* 10,4 

Systolic 
blood 
pressure 

117,6 10,3 112,8 15,1 119,0 8,1 117,9 12,1 

Diastolic 
blood 
pressure 

77,1 7,3 69,9* 7,9 75,8 7,1 69,5* 10,2 

%CO₂ in 
exhaled 
air 

4,35 0,48 4,14 * 0,36 4,41 0,43 4,24 0,32 

Weight  69,5 9,8 68,3 * 9,6 69,6 10,0 69,4* 9,9 

  

Table 2 shows weight, blood pressure and heart rate before and after exercise. Heart rate increased 

significantly during both visits due to cycling. Systolic blood pressure did not significantly change 

during the first visit and neither during the second visit. Diastolic blood pressure however decreased 

from 77,1 ± 7,3 mm Hg to 69,9 ± 7,9 mm Hg (P<0,001) during the first visit and from 75,8 ± 7,1 mm 

Hg to 69,5 ± 10,2 mm Hg (P=0,008) during the second visit. Percentage CO₂ in exhaled air decreased 

during the first visit (P<0,05) 



 

Table 3. Changes in heart rate, blood pressure, %CO₂ in exhaled air and weight that occurred during the first 

and second visit. The measured values after exercise were subtracted by the values measured before exercise.   

Significant differences between the changes of both visits are shown with an asterisk (P<0,05). 

N=17 First visit Second visit 

Differences  (after-
before) 

Mean SD Mean SD 

Heart rate 17,18 8,96 9,24 * 11,67 

Systolic blood 
pressure 

-4,76 10,36 -1,12 7,20 

Diastolic blood 
pressure 

-7,18 6,36 -6,24 8,50 

%CO₂ in exhaled air -0,17 0,35 -0,16 0,46 

Weight  -1,17 0,39 -0,19* 0,32 

 

Table 3 presents the effect that exercise had on heart rate, blood pressure, percentage CO₂ in 

exhaled air and weight during the first and second visit. All participants did lose considerable 

amounts of weight. This is caused by the loss of water due to the exercise. In reality participants even 

have lost more weight, because part of the sweat is absorbed by the clothes. During the second visit 

the loss of weight was lower than during the first visit. 
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Figure 3. Weight in kg before and after exercise during both visits. Weight decreased from 69,5 ± 9,8 kg to 68,3 

± 7,9 kg (P<0,001). During the second visit initial weight decreased from 69,6 ± 10,0 kg to 69,4 ± 9,9 kg (P<0,05) 

In figure 3 the change of weight is illustrated during the two sessions. In total, weight was measured 

4 times. Before and after exercise during the first session when the participants were not allowed to 

drink water and before and after exercise during the second session when participants were given 

water after 45 minutes of exercise, half way through the exercise.  

From figure 3 can be seen that weight decreased significantly during the first visit and also decreased 

during the second visit, but a lot less.  
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Figure 4. Loss of weight after exercising differed significantly between females who lost 0,87 ± 0,22 kg and 

males who lost 1,51 ± 0,22 kg (P<0,001). 

When comparing the weight changes in females with males it shows that females lose less water 

after exercising 0,87 ± 0,22 kg versus 1,51 ± 0,22 kg (P<0,001). Average weight of males was 74,4 ± 

9,1 kg and average weight of females was 65,1 ± 8,6 kg. Females lost 1,3% of their total body weight 

and males lost 2,0% of their total body weight.  

 

Table 4. Overview of the cerebral blood flow velocity of the sitting participant before and after exercise during 

the first and second visit. The difference between s1 (first systolic peak) and s2 (second systolic peak) is shown 

as s1-s2.  Significant changes within one visit are shown with an asterisk. 

N=17 first visit second visit 

 Before After Before After 

 Mean SD Mean SD Mean SD Mean SD 

Mean velocity 
cm/s 

44,5 6,5 44,9 8,8 44,9 6,61 43,9 6,40 

Peak velocity 
cm/s 

73,3 11,9 73,3 11,7 73,8 11,36 74,9 12,61 

P.I. 0,88 0,15 0,91 0,18 0,90 0,24 0,96 0,23 

s1 (first systolic 
peak)  

1,85 0,20 1,93 0,16 1,91 0,22 2,00 0,23 

s1 (second 
systolic peak  

1,34 0,13 1,33 0,11 1,39 0,15 1,35 0,12 

s1-s2 0,51 0,21 0,60 0,15 0,52 0,30 0,66 * 0,24 

Acc 20,37 3,33 20,81 6,19 22,01 5,06 24,01 5,50 

@dias560 0,69 0,09 0,67 0,14 0,68 0,13 0,64 0,13 



Table 5. Changes of the cerebral blood flow that occurred during the first and second visit. The measured 

values after exercise were subtracted by the values measured before exercise. The difference between s1 (first 

systolic peak) and s2 (second systolic peak) is shown as s1-s2. Significant differences between the changes of 

both visits are shown with an asterisk. 

N=17 First visit Second visit 

Difference  
(after-before) 

Mean SD Mean SD 

Mean velocity 
cm/s 

0,33 11,69 -1,13 4,67 

Peak velocity cm/s 0,067 15,88 1,13 9,26 

P.I. 0,031 0,18 0,055 0,18 

s1 (first systolic 
peak) 

0,067 0,26 0,093 0,20 

s2 (second systolic 
peak) 

-0,021 0,15 -0,041 0,16 

s1-s2 0,088 0,26 0,13 0,25 

Acc 0,44 6,42 2,00 4,72 

@dias560 -0,024 0,13 -0,032 0,12 

 

Table 4 and 5 show the effect of exercise without water and with water on the MCAFV. 

The mean velocity and maximum (peak) velocity of the cerebral blood flow velocity in the MCA did 

not change after cycling during the first session while the participant was sitting. Neither did it 

change when water was supplied to the participants. The first and second systolic peak did not 

change either after exercise and consequently water loss.  

When water was supplied after 45 minutes no differences were visible neither before nor after 90 

minutes of exercise.  

Table 4 shows that during the second visit, s1-s2 was significantly increased after exercise. However, 

the change in s1-s2 due to exercise during the first visit did not reach a significant value. Other 

parameters did not change after exercise significantly  during neither the first nor the second visit. 

Also the changes of the parameters that occurred during the first visit did not differ from the second 

visit. 
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Figure 5. The difference between s1 and s2 increases after exercise during the second visit when the participant 

drank water after 45 minutes from 0,52 ± 0,30 to 0,66 ± 0,24 (P=0,049).  

 

The second visit the difference between s1 and s2 increased after exercise which can be seen in 

figure 5. Separately s1 and s2 did not increase or decrease after exercise.  

When there was enough time during their visit, participants were also subjected to the same 

measurements while lying down with their legs passively raised (N=8). The outcomes can be found in 

the tables below. 

Table 6. Heart rate, blood pressure and %CO₂ in exhaled air measured during passive leg raising. Significant 

changes within one visit are shown with an asterisk (P<0,005). 

N=8 First visit (PLR) Second visit (PLR) 

 Before Exercise After Exercise Before Exercise After Exercise 

 Mean SD Mean SD Mean SD Mean SD 

Heart 
rate 

58,00 7,67 65,38 * 7,56 59,00 9,73 60,57 9,29 

Systolic 
blood 
pressure 

112,88 6,56 111,13 7,20 111,86 8,38 98,14 39,96 

Diastolic 
blood 
pressure 

63,50 8,68 62,63 7,19 61,29 3,35 60,58 5,56 

%CO₂ 4,68 0,41 4,61 0,52 4,64 0,21 4,67 0,10 



 

Table 7. Changes in heart rate, blood pressure and  %CO₂ in exhaled air that occurred during the first and 

second visit. The measured values after exercise were subtracted by the values measured before exercise.   

Significant differences between the changes of both visits are shown with an asterisk. 

N=8 First visit (PLR) Second visit (PLR) 

Differences  (after-
before) 

Mean SD Mean SD 

Heart rate 6,29 3,25 1,57 7,87 

Systolic blood 
pressure 

0,29 5,59 -13,71 33,35 

Diastolic blood 
pressure 

-0,00 4,43 -0,71 4,46 

%CO₂ -0,043 0,21 0,029 0,21 

 

Table 6 and 7 shows the heart rate and blood pressure during both visits when the participants were 

lying with their legs passively raised. Table 6 shows the absolute heart rate and blood pressure, while 

table 7 show the changes in the heart rate and blood pressure that occurred after cycling for 90 

minutes. Only heart rate increased after cycling during the first visit. Systolic and diastolic blood 

pressure show no changes. 

Table 8. Overview of the cerebral blood flow velocity while the participant was lying down with his or her legs 

passively raised before and after exercise during the first and second visit. The difference between s1 (first 

systolic peak) and s2 (second systolic peak) is shown as s1-s2. Significant changes within one visit are shown 

with an asterisk 

N=8 PLR (first visit) PLR (second visit) 

 Before After Before After 

 Mean SD Mean SD Mean SD Mean SD 

Mean 
velocity 
cm/s  

46,9 13,4 47,5 7,0 46,0 7,23 46,6 10,08 

Peak 
velocity 
cm/s 

75,6 21,0 86,6 19,1 79,0 15,48 87,5 14,46 

P.I. 0,85 0,16 1,03 0,18 0,92 0,31 1,19 0,25 

s1 (first 
systolic 
peak) 

1,74 0,16 1,94 * 0,155 1,94 0,24 2,07 0,26 

s2  
(second 
systolic 
peak) 

1,37 0,11 1,43 0,15 1,44 0,10 1,39 0,17 

s1-s2 0,37 0,17 0,51 0,10 0,50 0,23 0,68 * 0,24 

Acc 19,17 3,50 21,18 3,21 23,31 5,42 25,62 5,41 

@dias560 0,79 0,21 0,78 0,13 0,78 0,149 0,77 0,18 



Table 9. Changes of the cerebral blood flow that occurred during the first and second visit while the 

participant’s legs were passively raised while lying. The measured values after exercise were subtracted by the 

values measured before exercise. The difference between s1 (first systolic peak) and s2 (second systolic peak) is 

shown as s1-s2. Significant differences between the changes of both visits are shown with an asterisk 

N=8 First visit Second visit 

Differences 
(after-before) 

Mean SD Mean SD 

Mean velocity 
cm/s  

-3,14 8,86 0,86 10,68 

Peak velocity cm/s 6,57 23,93 8,57 16,96 

P.I. 0,15 0,12 0,27 0,38 

s1 (first systolic 
peak) 

0,18 0,24 0,10 27 

s2 (second systolic 
peak) 

0,075 0,10 -0,067 * 0,14 

s1-s2 0,10 0,23 0,17 0,18 

Acc 2,28 5,87 2,09 5,22 

@dias560 -0,084 0,092 0,0039 0,078 

 

The results of passive leg raising can be seen in Table 8 and 9. 

Also when the participant was lying down with his or her legs passively raised no differences in mean 

and maximum velocity of the MCAFV could be found. However, s1 increased during the first visit 

after exercise from 1,74 ± 0,16 to 1,94 ± 0,16 (P<0,05).  

This was not found during the second visit. S1-s2 increased during the second visit, but not during the 

first visit.  

 The change in s2 during the first visit was higher than the change found in s2 during the second visit 

as can be seen in table 9. Other parameters did not change. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 10. Changes in heart rate, blood pressure and %CO₂ in exhaled air that occurred during the first visit 

while sitting and while the participant’s legs were passively raised while lying. The measured values after 

exercise were subtracted by the values measured before exercise. The difference between s1 (first systolic 

peak) and s2 (second systolic peak) is shown as s1-s2. Significant differences between the changes of both visits 

are shown with an asterisk (P<0,05). 

N=8 First visit (Sitting) First visit (PLR) 

Differences   
(after-before) 

Mean SD Mean SD 

Heart rate 16,00 8,90 7,38 * 4,31 

Systolic blood 
pressure 

-0,63 9,3 -1,75  7,74 

Diastolic blood 
pressure 

-5,38 5,68 -0,88 4,79 

%CO₂ -0,21 0,42 -0,063 0,21 

 

Table 11. Changes of the cerebral blood flow that occurred during the first visit while sitting and while the 

participant’s legs were passively raised while lying. The measured values after exercise were subtracted by the 

values measured before exercise. The difference between s1 (first systolic peak) and s2 (second systolic peak) is 

shown as s1-s2. Significant differences between the changes of both visits are shown with an asterisk. 

N=8 First visit (Sitting) First visit (PLR) 

Differences 
(after-before) 

Mean SD Mean SD 

Mean velocity 
cm/s  

-2,75 13,83 0,63 13,45 

Peak velocity cm/s -2,25 19,45 11,00 25,46 

P.I. 0,12 0,17 0,17 0,13 

s1 (first systolic 
peak) 

-0,032 0,21 0,20 0,23 

s2  (second systolic 
peak) 

-0,031 0,090 0,059 0,092 

s1-s2 -0,0011 0,18 0,14 0,22 

Acc -1,78 7,38 2,01 5,30 

@dias560 -0,039 0,12 -0,017 0,19 

 

In table 10 and 11 the changes of the parameters during the first visit while sitting are compared to 

the changes of the parameters while passively raising their legs. No changes were found between 

PLR and sitting during the first visit. The change in heart rate was significantly less during PLR. 

 

 

 

 

 



Table 12. Changes in heart rate, blood pressure and %CO₂ in exhaled air that occurred during the second visit 

while sitting and the first visit while the participant’s legs were passively raised while lying. The measured 

values after exercise were subtracted by the values measured before exercise. The difference between s1 (first 

systolic peak) and s2 (second systolic peak) is shown as s1-s2. Significant differences between the changes of 

both visits are shown with an asterisk. 

N=8 Second visit (Sitting) First visit (PLR) 

Differences   
(after-before) 

Mean SD Mean SD 

Heart rate 5,38 11,44 7,38 4,31 

Systolic blood 
pressure 

-3,38 5,07 -1,75 7,74 

Diastolic blood 
pressure 

-4,5 8,00 -0,88 4,79 

%CO₂ -0,26 0,56 0,063 0,21 

 

Table 13. Changes of the cerebral blood flow that occurred during the second visit while sitting and the first 

visit while the participant’s legs were passively raised while lying. The measured values after exercise were 

subtracted by the values measured before exercise. The difference between s1 (first systolic peak) and s2 

(second systolic peak) is shown as s1-s2. Significant differences between the changes of both visits are shown 

with an asterisk (P<0,05). 

N=8 Second visit (Sitting) First visit (PLR) 

Differences 
(after-before) 

Mean SD Mean SD 

Mean velocity 
cm/s  

-2,00 4,90 0,63 13,45 

Peak velocity cm/s -0,00 10,50 11,00 25,46 

P.I. 0,039 0,22 0,17 0,13 

s1 (first systolic 
peak) 

0,045 0,17 0,20 0,23 

s2 (second systolic 
peak) 

-0,10 0,19 0,059 * 0,092 

s1-s2 0,15 0,29 0,14 0,22 

Acc 1,41 4,80 2,01 5,30 

@dias560 0,0030 0,068 -0,017 0,19 

 

Table 12 and 13 show the changes of the parameters during the second visit measured while sitting 

compared to the changes of the parameters during the first visit measured while the participant’s 

legs are passively raised. The change in s2 showed to be significantly different. 

 

 

 



 

 

Figure 6. S1 before exercise at 1,74 ± 0,16 and S1 after exercise at 1,94 ± 0,16 (P<0,05) 

Figure 6 illustrates the effect of exercise on the s1 when the participant his or her legs were passively 

raised. After exercise s1 significantly increased.  
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Visit 2: s1-s2 (PLR)
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Figure 7. The effect of exercise in combination with drinking water on the difference of s1 and s2 during the 

second visit measured while the participant was lying with his or her legs passively raised. S1-s2 increased from 

0,50 ± 0,23 to 0,68 ± 0, 24 (P=0,029) 

Not only did s1-s2 change during the second visit when the cerebral flow velocity was measured 

while the participants were sitting, also when their legs were passively raised s1-s2 increased. Figure 

7 shows a higher increase compared to figure 5. 
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Figure 8. The effect of exercise on s2 during the first visit without drinking water  and second visit with drinking 

water after 45 minutes measured while the participant was lying with his or her legs raised. S2 changed 0,075 ± 

0,10 during the first visit and -0,067 ± 0,14 during the second visit (P<0,05) 

The effect of exercise on s2 was different when the participant was not allowed to drink (visit 1) 

compared to when the participant was allowed to drink water (visit 2). The effect of exercise 

changed from positive during the first visit to negative during the second visit. 

 

 

 

 

 

 

 

 

 

 

 



Discussion 

This study aimed to find possible changes in the MCA blood flow velocity after exercise and 

consequently loss of water through sweating. We hypothesized that the MCAFV would decrease 

after endurance exercise, because of the loss of water through sweating. The MCAFV was measured 

using Transcranial Doppler before and after exercise so that a possible change in the characteristics 

of the MCAFV could be found as a result of loss of water. This study shows that only s1-s2  increases 

significantly in sitting participants after endurance exercise and only when the participants drank 

water after 45 minutes. 

S1 measured while the participant was lying with his or her legs passively raised, increased during the 

first visit, when the participant was not allowed to drink water during the experiment. Just like during 

the second visit while sitting, also while in PLR s1-s2 increased significantly. Although, a bit more 

pronounced.  

The effect of exercise on s2 during the first visit was significantly higher than during the second visit 

while in PLR. 

Mean and maximum velocity as well as acceleration and @dias560 did not change after exercise. No 

increase in s1 could be found when the participant was sitting or when the participant was given 

water during the second visit. Participants did lose considerable amounts of weight and therefore 

water, yet in most cases it changes in the MCAFV profile were not significant. 

Surprisingly s1 changed after exercise in participants that lied down with their legs passively raised, 

but maximum velocity in cm/s did not. S1 is a parameter that describes the first systolic peak, which 

usually is also the highest during one heart beat (Lindegaard, 1987; McCartney et al., 1997). It would 

be logical to also see an increase in the maximum velocity. Also s1 did not change when measured 

while the participant was sitting. 

The effect of exercise on the heart rate was lower during the first visit when in PLR than while sitting. 

Also when comparing exercise in combination with drinking and exercise with PLR, it showed that 

water affected s2 differently than PLR. The change in s2 during PLR was positive compared to 

negative when drinking of water was allowed.  

Most participants were able to keep up cycling their initial wattage. In three cases the initial wattage 

proved to be too tough. Twice the wattage was lowered and once the cycling experiment was 

stopped after 70 minutes instead of 90 minutes. In one case the wattage has been increased from 75 

Watt to 85 Watt.  

As expected weight did change after cycling for 90 minutes. Males lost a lot more weight than 

females. This can in part be explained by a difference in initial weight, but even when this was 

corrected for, males lost more weight compared to their total body weight. This confirms what 

already has been found, that males sweat more easily than females. Ichinose-Kuwahara showed that 

females sweat less than males and that this difference was more pronounced during higher 

intensities of exercise (Ichinose-Kuwahara et al., 2010). The intensities in this study that the 

participants had to cycle was relative to their VO₂max. Also the difference between trained males 

and females was higher than the difference found between untrained males and females, the latter 

was not significant. In this study most of the participants were trained, which explains the differences 

in sweating found (Ichinose-Kuwahara et al., 2010). 

 

 



Other studies did find a change of MCA flow velocity during exercise (Ogoh et al., 2005; Ogoh et al., 

2009; Sato et al., 2011). However, during these studies the participants only had to exercise for a 

relatively short time and weight loss was not playing a role. One study that examined the effect of 

the intensity of exercise on cerebral flow velocity  including the MCA flow velocity found an increase 

in MCA flow velocity during exercise, but also showed that this increase disappeared after the 

intensity was increased (Trangmar et al., 2014). The cerebral metabolic rate of oxygen was not 

compromised during exercise.  The increase of the MCA flow velocity at lower intensities and 

decrease of the MCA at higher intensities was also shown in an older study (Hellström et al., 1996). 

 

That the MCA flow velocity mainly did not change after exercise shows that the cerebral 

autoregulation keeps the flow velocity constant in the brain. A constant blood flow is essential  for a 

proper  brain function, as the brain is very sensitive to changes in  blood flow and oxygen supply.  

Most changes seen in the MCAFV profile were found during passive leg raising. Passive leg raising is 

only successful when the participant relaxes and does not contract their muscles. Upon muscle 

contraction the sympathetic nervous system activity increases and the parasympathetic nervous 

system activity decreases. An increase in the sympathetic nervous system activity increases heart 

rate. Although passive leg raising causes more blood to flow towards the heart, blood pressure 

normally does not increase as a result of lowering heart rate and cardiac contractility and 

vasodilatation by the cardiopulmonary reflex (Heesch, 1999). If the legs are actively instead of 

passively raised the blood pressure increases and more blood flows to the rest of the body. This may 

also effect the cerebral blood flow velocity. Due to a lack of time, PLR could not be performed in a 

majority of subjects Only 8 participants underwent the same measurements while lying with their 

legs passively raised. Both a failed PLR and the limited amount of participants made the analysis of 

the results less reliable. Also the comparisons made between PLR and drinking water could have 

suffered from the limited amount of participants. 

Also changes in cerebral blood flow velocity cannot be directly translated to cerebral blood flow as 

the cross-sectional area of the blood vessel, the MCA, is unknown at the time of measuring. A 

previous study showed that MCAFV can be used to show carotid stenosis, this is not a physiologic 

process but pathologic (Schaafsma, 2012). 

 

 

Limitations 

Measurements were done while the participant was sitting on a stool instead of the ergometer. Also 

the measurements after exercise were not done immediately after exercise, because the heart rate 

had to go below 100 BPM. Above 100 BPM @dias560 cannot be calculated because then one 

heartbeat takes less than 600ms. The @dias560 is measured by determining the mean velocity that 

occurs between 520ms and 600ms after stroke onset. The time, 5-10 minutes, between stepping off 

the ergometer and measuring the MCAFV and other parameters can cause changes in the physiology 

of the participant as a result of being able to partly recover. 

The MCAFV was only measured before and after and not continuously during the exercise. 

Continuous measurements would be preferred, but then the participant should have worn a helmet 

with two TCD devices. This is not very comfortable for the participant, also the participant moves a 

lot during normal cycling and this might move the TCD device slightly causing a loss of signal.  



As explained earlier, passive leg raising is not always fully passive. Participant may actively contract 

their leg muscles, which causes a different setting.  

Measurements could not always be done on exactly the same depth and angle within one 

participant, also the location of the TCD device differed sometimes per measurement. This only 

affects @dias, the mean velocity, peak systolic velocity and end-diastolic velocity since the other TCD 

parameters are normalized. 

Also worth noting is that the MCAFV is measured and not the blood flow, TCD only shows changes in 

blood flow velocity but not changes in the blood flow as well as the angle of insonation. Blood flow 

can only be determined if the diameter of the blood vessel is known. In normal physiological 

processes be cautious when translating changes in blood flow velocities to changes in blood flow.  

Percentage of CO₂ in exhaled air should not change between cerebral blood flow velocity 

measurements, but this did change during the first visit. It decreased after exercise. This may have 

slightly increased cerebral blood flow velocity. However, CO₂ percentage was still in the normal range 

(End-tidal CO2, 2005) 

Conclusion 

In conclusion the MCAFV profile did not change after exercise when the participants were not 

allowed to drink. Endurance exercise in combination with drinking water and sitting or with drinking 

water and PLR the s1-s2 MCAFV profile parameter increased. While sitting other parameters did not 

change, not even s1 or s2. 

Several parameters of the MCAFV did change when the measurements were done when the 

participant was lying with his or her legs passively raised. Not only s1-s2 showed changes, also s1 

changed. S1 increased, instead of decreased as what would be expected from our hypothesis. This 

increased s1 may be a result of increased blood pressure. However, this would imply that passive leg 

raising was not actually passive.  

S2 only shows a difference when comparing the effect of exercise during the first and second visit. 

We expected that the mean flow velocity and the first systolic peak velocity would decrease after 

exercise and loss of water and would normalize after drinking water, however this study shows that 

the MCAFV profile does not change after exercise. Despite of that participants lost considerable 

amounts of water. Only when the participants drank water during exercise or underwent passive leg 

raising, some changes are seen in the MCAFV profile. This can possibly be explained by the 

adaptations of the body to loss of water. The adaptions that are made during exercise as a response 

to water loss do not directly disappear when adding water by drinking or passive leg raising. This can 

result in a change in blood flow velocity. Instead of normalizing a changed MCAFV as a result of 

exercise, adding water to the body changes the MCAFV when combined with endurance exercise and 

endurance exercise alone does not change the MCAFV profile 
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LIST OF ABBREVIATIONS AND RELEVANT DEFINITIONS  

 

ABR ABR form, General Assessment and Registration form, is the application 

form that is required for submission to the accredited Ethics Committee 

(In Dutch, ABR = Algemene Beoordeling en Registratie) 

AE Adverse Event 

AR Adverse Reaction 

CA Competent Authority 

CCMO Central Committee on Research Involving Human Subjects; in Dutch: 

Centrale Commissie Mensgebonden Onderzoek 

CV Curriculum Vitae 

DSMB Data Safety Monitoring Board 

EU European Union 

EudraCT European drug regulatory affairs Clinical Trials  

GCP Good Clinical Practice 

IB Investigator’s Brochure 

IC Informed Consent 

IMP Investigational Medicinal Product  

IMPD Investigational Medicinal Product Dossier  

METC  Medical research ethics committee (MREC); in Dutch: medisch ethische 

toetsing commissie (METC) 

(S)AE (Serious) Adverse Event  

SPC Summary of Product Characteristics (in Dutch: officiële productinfomatie 

IB1-tekst) 

Sponsor The sponsor is the party that commissions the organisation or 

performance of the research, for example a pharmaceutical 

company, academic hospital, scientific organisation or investigator. A 

party that provides funding for a study but does not commission it is not 

regarded as the sponsor, but referred to as a subsidising party. 

SUSAR Suspected Unexpected Serious Adverse Reaction 

Wbp Personal Data Protection Act (in Dutch: Wet Bescherming 

Persoonsgevens) 

 

VO2max  

 VO2max  is the maximum oxygen consumption defined by millilitres of oxygen 

per kilogram of body mass per minute. 

acc acceleration 

MCA Middle cerebral artery 
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MCAFV Middle cerebral artery (blood) flow velocity 
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SUMMARY 

Rationale: During exercise body temperature rises and the body has to cool itself. This is 

done by sweating. Prolonged exercise causes a considerable loss of water. This will usually 

be compensated by drinking water. If water is not drunk, the vascular 

system decreases in volume. This might also affect the blood flow towards the brain. 

Normally the cerebral autoregulation keeps the blood flow towards the brain constant, 

within certain ranges. We hypothesize that after endurance exercising the loss of water 

causes the MCA blood flow velocity to become more sys1 dominant and that the mean MCA 

blood flow velocity decreases. 

Objective: The main objective of this research is to find out if the blood flow velocity in the 

middle cerebral artery (MCA) changes after exercise for 1,5 hours and if this can be 

attributed to the loss of water. 

Study design: A prospective intervention study. Participants will visit three times. The  

VO2max  will be calculated during the first visit. During the second and third visit the 

participant has to cycle for 1,5 hours without and with water intake, respectively. 

Measurements will be done before and after the 1,5 hours of exercise. Measurements 

include transcranial Doppler (TCD), end tidal CO2, blood pressure and heart rate. 

Study population: Healthy human volunteers of 18- 35 years old who normally exercise 2 

times a week for a minimum of 1 hour duration are eligible for this study. Participants will be 

excluded when they meet any of the following criteria: Younger than 18 years old, older than 

35 years old, answered yes 1 time or more on the PAR-Q form which has questions 

regarding health risks, suffering from sweat disturbances, insufficient temporal window for 

TCD investigation, known brain injury, smoking. 

Intervention (if applicable): Every participant has to cycle twice for 1,5 hours at 70% of their  

VO2max  . The first time they are not allowed to drink water and the second time they will be 

given water at 45 minutes from the start. The amount of water offered is 70% of the water 

lost during the first session.  

Main study parameters/endpoints: The main study parameters are the change in blood 

flow velocity in the MCA measured by TCD and the change in weight after 1,5 hours of 

exercise. The study is finished when 14 participants, in whom written consent has been 

obtained, have successfully completed the entire study. 

Nature and extent of the burden and risks associated with participation, benefit and 

group relatedness: The participant will be asked to visit three times. In total this will take 

around 5 hours. There will be incentives for those that participate. The risks associated with 

this study are negligible. 70%  VO2max  is sub-maximal and is not considered to be 

discomforting to participants. All the measurements done are non-invasive and safe.  
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INTRODUCTION AND RATIONALE 

 

During exercise the body excretes water in the form of sweat1. The person in question tries to 

drink sufficient water to compensate for their loss of water during exercise. There are several 

methods to measure the hydration state.2 Among others body mass, blood indices and urine 

indices. Blood samples and urine samples are far from ideal. Blood samples are invasive and 

for urine samples you are forced to urinate. Body mass is a good parameter for volume 

status. However, it needs to be compared to earlier measured body mass and gives no 

information about possible changes in cerebral perfusion.  

 

Hypothetically, the hydration state may be assessed by using Transcranial Doppler 

sonography (TCD). TCD is able to measure the blood flow velocities in the larger blood 

vessels in the brain, among others the middle brain artery (MCA).3,4 The blood flow velocity in 

the MCA can be modulated by the blood volume towards the brain. The cerebral blood flow 

is usually constant, because of the cerebral autoregulation.5,6 The cerebral autoregulation, 

regulates the blood flow in the brain. By changing arterial diameter the cerebral arteries are 

able to adapt to variations in arterial blood pressure. This system works within seconds.  

 

A preliminary study by De Goede et al. (submitted) showed that the decreased blood flow 

velocity in sepsis recovers after fluid resuscitation. The TCD signal  changes from sys1 

dominant to sys1-2 balanced.(sys1 denotes the first peak visible during systole, sys2 the 

second). 

It is yet unknown what the consequences are of the loss of water during  exercise on the 

blood flow velocity and therefore the TCD signal.7 If the blood flow velocity changes after 

exercise, it can be correlated to the hydration state. In the distant future TCD can possibly be 

used to monitor hydration state. The main advantage of TCD is that it is non-invasive and 

can be used in a short timeframe.  

 

This research will provide new insight into changes in cerebral blood flow velocities  due to 

endurance exercise. The blood flow velocities in the brain can be modified by the 

constrictions of the arteries leading to the brain. The goal of this research is to attribute the 

changes in blood flow velocity to the loss of water during exercise. 

 

The population that will be used for this study are healthy volunteers aged between 18 and 

35 years old, who exercise at least 2 times per week for 1 hour. These people are 

accustomed to exercise for a longer duration. Exercising for a longer duration is important, 

because the loss of water through sweating becomes considerable. To assure that they will 
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be able to fulfill the task, they are asked to exercise at a submaximal level of 70% of their 

VO2max . 70%  VO2max  is known  to be a level of exercise that can maintained for a 

prolonged period of time. The  VO2max  is calculated according to the Astrand protocol.8 

Only subjects aged between 18 to 35 years are included in the study protocol, because the 

Astrand protocol has its highest accuracy in relatively young subjects.9 

 

Table 1. Overview of the major drawback of the currently used parameters. 

 

In theory TCD is a useful technique to non-invasively monitor the cerebral hemodynamics. 

Nevertheless, TCD is not routinely used for this purpose,10,11
 mainly due to the need of 

expertise required to interpret the outcomes.12,13
 Traditionally the interpretation of the TCD 

blood flow velocity is based on the parameters represented in figure 1: the mean flow velocity 

(vmean), the peak systolic flow velocity (vmax), the end diastolic flow velocity (vmin) and the 

pulsatility index (PI).4,14
 Table 1. gives an overview of the major drawbacks of these 

parameters, subdivided into technical limitations, physiological limitations and an unclear 

definition.35 Therefore, the Martini hospital defined a new set of parameters which are not 

influenced by the limitations of table 1, consisting of the acceleration (acc), the sys1 and sys2 

components and the dias@560 which is used for normalisation. Here, acc is defined as the 

maximal increase in flow velocity per second during the systolic upstroke, sys1 as the 

maximal velocity of the first systolic peak, sys2 as the maximal velocity of the second systolic 

peak and dias@560 as the mean of the flow velocity over an interval of 80 ms centred 

around 560 ms after stroke onset (Fig. 1.). A recent study of Schaafsma showed that these 

newly defined parameters have the ability to accurately describe the altered intracranial 
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hemodynamics of patients with a carotid stenosis and thus can be used to discriminate 

carotid stenosis patients from healthy controls, while the traditional parameters lack this 

ability.35  

 

 

Figure 1. Normal TCD signal of the blood flow velocity in the middle cerebral artery. 1a. 

Representation of the traditional parameters. 1b. Representation of the newly defined parameters. 
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OBJECTIVES 

 

The main objective of this research is to find out if the blood flow velocity in the MCA 

changes after exercise for 1,5 hours and if this can be attributed to the loss of water. 

The blood flow velocity will be measured by using TCD sonography. The data from the TCD 

will be analysed with the new parameters ‘acc, sys1, sys2 and dias@560’. 

In order to be able to attribute the changes to water loss, the loss of water has to be 

measured. This will be done by weighing the participants before and after the experiment, 

the loss of weight equals the loss of water. 

Our hypothesis is that after endurance exercising the loss of water causes the MCA blood 

flow velocity to become more sys1 dominant. 

A TCD signal is sys1 dominant when the first systolic peak (sys1) is higher than 

the second systolic peak (sys2). This is most commonly seen in healthy people. 

In sepsis it has been found that sys2 disappeared from the signal.7 After fluid resuscitation  

sys2 recovered and the signal became sys1 dominant with sys2 present as well.  

From the fluid resuscitation it seems that the sys2 peak  depends on the blood volume. It is 

expected that after endurance exercise in addition to total body volume the blood volume 

decreases as well and that this would cause a sys1 dominant signal.  

In a pilot study in one person differences in sys1 and sys2 were found after  

exercise in agreement with this supposition.  

 

Figure 2. A small pilot (N=1) shows the changes in the TCD signal before (left) and after a period 

of a bit more than 1 hour of endurance exercise (right). The total bodyweight decreased with 

1,3kg (approx. 1,4%) after exercise. The Middle cerebral artery flow velocities (MCAFV) 

have been measured while squatting (blue), sitting (light blue) and standing (red).  

 

In Fig. 2. it can be seen that after endurance exercise the sys1 and sys2 ratio favours 

sys1 more than before exercise. The mean MCAFV has also decreased. 
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STUDY DESIGN 

 

This study is a prospective intervention study. The study protocol involves 2 weeks per 

participant, it is estimated that total duration of the study will take 10 weeks. Before 

participating the participant will fill out an informed consent and a PAR-Q form. All the 

questions on the PAR-Q form have to be answered with ‘no’, otherwise the participant will be 

excluded. When it has been confirmed that the participant is suitable for the study, he/she 

will be asked a few questions concerning age and health. The participant has to visit the 

facility three times in total. During the first visit the  VO2max  will be determined per 

participant.  VO2max  is the maximum oxygen consumption defined by millilitres of oxygen 

per kilogram of body mass per minute. This will be determined following the Astrand 

protocol.8 Also length and fat percentage will be measured. 

The  VO2max  is used to let every participant exercise at the same relative intensity, namely 

70% of their VO2max . Exercising at 70%  VO2max  correlates with a heart rate at about 

80% of maximum. The maximum heart rate will be calculated by means of the following 

formula: 220 - age in years. 

Before the second and third visit subjects are not allowed to eat 3 hours before the 

experiment and are not allowed to drink 1 hour before the experiment. During the second 

visit the participants have to exercise for 1,5 hours on an ergometer without being allowed to 

drink water. 

Before and after exercising, the subjects’ weight, blood pressure, MCAFV and end tidal CO2 

will be measured. During the third visit the participants do the same as during the second 

visit, but now they are allowed to drink water after 45 minutes of exercise. The amount of 

water that they are allowed to drink will be 70% of the loss of weight the participants showed 

during the second visit after exercising.  

 Before and after exercising the passive leg raising method will also be used. Passive leg 

raising can show the effects of the changes in blood volume on the blood flow velocity in the 

brain. Sweating on the other hand does not only change blood volume but also osmolarity, 

because sweat is hypotonic. By comparing both the effects of osmolarity and blood volume 

on the blood flow velocity can be differentiated. 

The study cannot  be a cross-over study, since the amount of water the participants are 

allowed to drink is determined by using their weight loss after exercising during the second 

visit. A flowchart of the study design is shown in fig. 3. 
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Figure 3. Flow chart of the study design. 
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STUDY POPULATION 

Population (base)  

Students from educational institutions will be recruited. It is very likely that the planned 

number of participants can be recruited from these students. The population will consist 

of 18-35 years old volunteers. This population will be used, because from 18-35 the 

Astrand protocol is optimal.  

 

Inclusion criteria 

In order to be eligible to participate in this study, a subject must meet all of the following 

criteria: 

 Exercises at least 2 times per week 1 hour endurance exercise 

 

Exclusion criteria 

A potential subject who meets any of the following criteria will be excluded from 

participation in this study: 

 Younger than 18 years old 

 Older than 35 years old 

 Answered yes 1 time or more on the PAR-Q form 

 Sweat disturbances 

 Insufficient temporal window for TCD investigation 

 Existing brain injury 

 Smoking 

 Diabetes 
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Sample size calculation 

This study uses the new TCD parameters ‘acc, sys1, sys2 and @dias560’. The amount of 

publications that used these parameters are limited. Also, these parameters are not yet 

used to measure the MCAFV in people after exercise. The main parameter is sys1-sys2, 

which illustrates the ratio between the first and second systolic peak. 

Data about the sys1 in healthy people without exercise shows a mean of 1,86 ± 0,25. 

Sys2 has a mean of 1,49 ± 0,13 and sys1-sys2 has a mean of 0,37 ± 0,22. 

In sepsis the absent sys2 peak recovers after fluid resuscitation.7 In this study we aim to 

let participants lose considerable amount of fluid. It may therefore be plausible that in 

these participants the sys2 peak disappears after 1,5 hours of exercise.  

This is reinforced by fig. 1 which shows that after exercise the sys2 peak has decreased 

more than the sys1 peak.  

Therefore we expect that sys1-sys2 will increase after 1,5 hours of exercise and 

consequently sweating.  

In order to calculate the sample size, we used an online sample size calculator for 

independent samples (http://stat.ubc.ca/~rollin/stats/ssize/n2.html).  

The calculation has been done with a p-value of 0,05 and power of 0,80.  

It is expected that sys1 decreases with 25% after exercise and that sy2 decreases by 

50%. 

The new means would then be: sys1 = 1,39; sys2 = 0,75; sys1-sys2 = 0,64 (1,39 – 0,75). 

Sample size calculations are done per parameter, using the standard deviation that is 

known from healthy people. The following minimal sample sized are needed: 

sys1: 5 participants 

sys2: 1 participant 

sys1-sys2: 11 participants. 

Since these decreases are predicted, the sample size has to be increased. This would 

result in 14 participants. 

Since the expectations are mostly based on sepsis patients, it is not possible to translate 

these calculations to healthy participants that exercise. Based on an educated guess it is 

assumed that 20 participants are sufficient. 

 

 



NL56381.099.16  Blood flow velocity changes in the brain after exercise 

   

TREATMENT OF SUBJECTS 

< This chapter is only applicable for intervention studies 

Investigational product/treatment 

After an intake during the first visit with 15 minutes of exercise the participant has to 

exercise for 1,5 hours on an ergometer without drinking water during a second visit. 

During the third visit the participant has to exercise for 1,5 hours with drinking a 

calculated amount of water, which is 70% of the lost body weight during the second visit. 

The outcomes of the third visit can then be compared to the second visit. 

Use of co-intervention (if applicable) 

Not applicable 

Escape medication (if applicable) 

Not applicable  
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INVESTIGATIONAL PRODUCT  

Not applicable 

  

Name and description of investigational  product(s) 

Summary of findings from non-clinical studies 

Summary of findings from clinical studies 

Summary of known and potential risks and benefits 

Description and justification of route of administration and dosage 

Dosages, dosage modifications and method of administration 

Preparation and labelling of Investigational Medicinal Product 

Drug accountability 
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NON-INVESTIGATIONAL PRODUCT 

Not applicable 

Name and description of non-investigational product(s) 

Summary of findings from non-clinical studies 

Summary of findings from clinical studies 

Summary of known and potential risks and benefits 

Description and justification of route of administration and dosage 

Dosages, dosage modifications and method of administration 

Preparation and labelling of Non Investigational Medicinal Product 

Drug accountability 
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METHODS 

Study parameters/endpoints 

Main study parameter/endpoint 

The main study parameters are the blood flow velocity in the MCA measured by 

TCD and analysis with the new parameters (acc, sys1, sys2 and dias@560). 

Another main parameter is weight. Weight will be used to quantify the amount of 

loss of water. The TCD signal changes can then be related to the loss of water. 

Secondary study parameters/endpoints 

The secondary parameters are: blood pressure, heart rate and CO2-concentration in 

the exhaled respiratory gas. These parameters may influence the TCD signal and 

are therefore measured as well. 

Other study parameters (if applicable) 

Not applicable 

  

Randomisation, blinding and treatment allocation 

[<This chapter is only applicable for intervention trials and should also describe for 

blinded studies the indications for breaking the randomisation code. Describe by 

whom and how the randomization sequence is prepared and what measures are 

taken that “concealed allocation” in assigning patients to study arms is guaranteed 

>] Not applicable 

 

Study procedures 

All potential participants that volunteered for this study will be checked on the inclusion 

and exclusion criteria. If a participant does not meet these criteria, he/she will be 

excluded from the study. If the participant does meet these criteria then he will be given 

the ‘participant information letter with details of the study. The participant has two weeks 

to decide if he wants to participate in the study. If the participant has decided to 

participate, then he will be asked to give informed consent. Participants are then asked to 

visit the ADL-building three times. During this study the participants have to cycle for 6 

minutes during the first visit in order to determine the  VO2max . During the other two 

visits the participants have to exercise for 1,5 hours. They are not allowed to drink water 

during the second visit, but they are allowed to drink water during the third visit.  

Before the  VO2max  test, heart rate and blood pressure will be measured. Heart rate will 

be measured every minute for 4 minutes and every 15 seconds for the last 2 minutes 

during the Astrand protocol.8  
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During the other two visits, there will be measurements before and after exercise. These 

measurements include: weight, TCD, expiratory CO2, heart rate and blood pressure.  

Every measurement done is non-invasively. 

 

 VO2max   

It is necessary to estimate the  VO2max  per participant so that the intensity of the 

exercise needed for the study can be adjusted. Participants will exercise at 70% of their  

VO2max . This will translate to 80% of their maximal heart rate. Participants can warm-up 

for 2 minutes before the test. After the warming-up the participant has to keep their 

rotation frequency on 60 RPM. Since this test will be done with males, the starting 

wattage is 50. If the heart rate does not exceed 130 beats per minute, the wattage will be 

increased to 100 Watt. This will be increased with 50 Watt every 1-2? minutes until the 

participant has reached a heart rate of 130 or higher. Now the test can be started. This 

test will take about 6 minutes and the participant has to keep the rotation frequency at 60 

RPM. If the heart rate is not steady during the first two minutes, then the wattage has to 

be adjusted. Every minute the heart rate will be registered and of the last two minutes the 

heart rate will be registered every 15 seconds. The average of the last two minutes will be 

used for the Astrand nomogram.  

This exercise will be stopped if the participant experiences 

- Dizziness and/or nausea (headache) 

- Heart problems (angina-like symptoms) 

- Irregular heart beat 

- Participant requests to stop 

- Physical or verbal manifestations of severe fatigue 

- Breathlessness or a feeling of a lack of air 

- Fainting 

- Leg cramps or claudication 

- Failure of the test equipment 

 

Exercise 

Participants will exercise on an ergometer for 1,5 hours. The wattage from the  VO2max  

test will be used. During the exercise the participant will be watching a movie. The 

participants are not allowed to drink water during their first exercise session. During the 

second session they will be asked to drink amount of water equal to 70% of their water 

loss from the previous session after 45 minutes. 
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MCA blood flow velocity measured by TCD sonography 

TCD is a diagnostic technique that uses ultrasound. It measures the blood flow velocity 

by means of the Doppler effect. The Doppler effect is observed when there is a velocity 

difference between the sending frequency of the ultrasound waves and the receiving 

frequency. In the case of TCD, the probe is stationary. Therefore it measures the velocity 

of the reflecting tissue. With TCD the reflector is the moving blood or actually the 

erythrocytes within the blood. The sound reflects from these erythrocytes back to the 

probe. The frequency of the signal is different when erythrocytes move towards the probe 

compared to away from the probe. Also the velocity changes during time.  

However, the main problem with TCD is that the largest part of the skull blocks the 

ultrasound.4 There are only several locations where it is possible to penetrate the skull 

with ultrasound and measure reflections. These locations are called ‘windows’. Younger 

people usually have larger windows compared to older people. The window used is the 

temporal bone. In this study the blood flow in the MCA will be measured. The MCA is one 

of the main arteries in the brain. The MCA can usually be found at a depth of 

approximately 50 mm and has a mean blood flow velocity of 60 ± 12 cm/s in the direction 

of the probe.4 Sample volumes of 20 mm are used. The right MCAFV will be measured 

first, then the left MCAFV. The MCAFV will be measured for 30-60 seconds each side. 

The measurements will be done before the exercise and after the exercise plus cooling-

down.  

 

Loss of water 

The loss of water will be measured by weighing the participant before and after 

exercising. Before the weighing, the participant is asked to urinate to exclude the bladder 

content from the results.  

 

Other measurements 

Heart rate, blood pressure and CO2-concentration will be measured as well. This is 

needed for an accurate interpretation of the TCD signal. Heart rate and blood pressure 

will be measured with an automated blood pressure and heart rate measuring device. 

The CO2-concentration is measured by the use of a capnometer.   

Fat percentage will be measured with a caliper and height will be measured with a 

stadiometer. 
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Withdrawal of individual subjects 

Subjects can leave the study at any time for any reason if they wish to do so without any 

consequences. The investigator can decide to withdraw a subject from the study for 

urgent medical reasons. 

Specific criteria for withdrawal (if applicable) 

       Not applicable 

Replacement of individual subjects after withdrawal 

Individual subjects will be replaced after withdrawal. Additional participants will be 

recruited. 

Follow-up of subjects withdrawn from the study 

The subjects that wish to leave the study after one or two visits will not be approached for 

further research. 

Premature termination of the study 

At this moment there are no foreseeable reasons why the study should be terminated 

prematurely. However, severe unforeseeable problems arising during the study can 

cause premature or temporary termination of the currently formulated research protocol 

and will result in the formulation of amendments or a revised research protocol. Eventual 

premature termination of the study will not affect the individual subjects participating in 

the study. 
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SAFETY REPORTING 

Not applicable 

Temporary halt for reasons of subject safety 

In accordance to section 10, subsection 4, of the WMO, the sponsor will suspend the 

study if there is sufficient ground that continuation of the study will jeopardise subject 

health or safety.  The sponsor will notify the accredited METC without undue delay of a 

temporary halt including the reason for such an action. The study will be suspended 

pending a further positive decision by the accredited METC. The investigator will take 

care that all subjects are kept informed.  

 

AEs, SAEs and SUSARs 

Adverse events (AEs) 

The sponsor will notify the accredited METC without undue delay about any 

adverse events (AEs) via ToetsingOnline. 

Serious adverse events (SAEs) 

The sponsor will notify the accredited METC without undue delay about any 

serious adverse events (SAEs) via ToetsingOnline. 

Suspected unexpected serious adverse reactions (SUSARs) 

Annual safety report 

Follow-up of adverse events 

[Data Safety Monitoring Board (DSMB) / Safety Committee] 
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STATISTICAL ANALYSIS 

Primary study parameter(s) 

The continuous primary parameter sys1-sys2 is assumed to be normally distributed. This 

parameter will be quantitatively presented. In order to calculate the sys1-sys2 parameter, 

sys1 and sys2 have to be calculated separately. Both these systolic peaks will be divided 

by @dias560, this is the end diastolic blood flow velocity at 560ms. Then sys2 will be 

subtracted from sys1, which results in the sys1-sys2 parameter. The changes in the TCD 

signal in the participant after exercise will be analyzed with the two-tailed paired t-test 

with confidence intervals of 95%. In this study each participants serves as its own control 

and therefore the paired t-test is used.  

Weight will be measured in kilograms and a paired t-test is used to analyze the changes 

in weight before and after exercise.  

Missing values will not be taken into account. If a participant has many missing values 

then he will be excluded from the results. 

 

Secondary study parameter(s)  

The secondary parameters are: blood pressure, heart rate and CO2- concentration in the 

exhaled respiratory gasses. These are all continuous parameters. Since for these data 

participants also serve as their own control a two-tailed paired t-test with confidence 

intervals of 95% will be used.  

 

Interim analysis (if applicable) 

Not applicable 
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ETHICAL CONSIDERATIONS 

Regulation statement 

This study will be conducted in agreement with the principles of the Declaration of 

Helsinki (64th WMA General Assembly, Fortaleza, Brazil, October 2013) and in 

accordance with the Medical Research Involving Human Subjects Act (WMO). 

Furthermore, the study will be in compliance with the International Conference on 

Harmonisation guidelines on Good Clinical Practice (ICH-GCP) and the Dutch law. 

 

Recruitment and consent 

Participants will be recruited by use of flyers. After indicating that someone is interested 

to participate in the study, he will be given oral information about the study. This will 

include study objective, study design and the procedures of the study. Additionally he will 

receive written information about the study (participant information letter). It will be 

emphasized that participation is completely voluntary and that he can choose to stop 

whenever he wants. The potential participant will be given 14 days to decide if he wants 

to participate in this study. Further information can be obtained by contacting the principal 

investigators. When the potential participant agrees to participate in the study, he will be 

asked to give informed consent.  

 

Objection by minors or incapacitated subjects (if applicable) 

Not applicable 

 

Benefits and risks assessment, group relatedness 

This study will produce knowledge about the effects of exercise and water consumption 

on the TCD parameters. Does the TCD signal change after 1,5 hours of exercise at 70%  

VO2max  without drinking water? What happens to the TCD signal when participants are 

allowed to drink water during their 1,5 hours of exercise? This study aims to answer these 

questions and aims to give insight in the usage of the TCD signal as a way to assess the 

hydration state of subjects and cerebral blood flow velocity..  

The participants are exposed to no risks, because as they are healthy volunteers, there 

are no invasive treatments and they are used to exercising for a longer duration. The time 

invested in the research will be approximately 5 hours in total. One hour in order to 

determine the VO2max  and two times two hours for the actual experiments.  

The participants do not benefit from the experiments other than receiving a small amount 

of money for participation. 
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Compensation for injury 

The principal investigator has a liability insurance which is in accordance with article 7, 

subsection 6 of the WMO. 

Due to the fact that in our opinion participation in this study involves no risks for the 

individual subjects, we would like to obtain dispensation from the statutory obligation to 

provide insurance for the subjects participating in the study. 

 

Incentives 

The participants will receive 50 euro for participating to this study. This is reasonable as 

they have to invest a considerable amount of time to this study, but they are not exposed 

to any risky situation. 
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ADMINISTRATIVE ASPECTS, MONITORING AND PUBLICATION 

Handling and storage of data and documents 

All study related data will be handled confidentially and as anonymously as possible. 

An individual, anonymous and unique participant identification number will be assigned to 

each individual subject participating in the study. This participant identification number is 

not based on the participant’s initials or data of birth, but will correspond to the sequence 

of inclusion; the first subject receives number 1, the second number 2, and so forth. This 

identification number will be used to link the data to the individual subject. 

The measured TCD data will be stored in data files, which are only accessible to the 

principal investigators. These data files are stored on one local computer and protected 

by passwords which are only known to the principal investigators. They are not allowed to 

make unauthorized copies of the stored data files. In addition to the raw TCD data, the 

data files contain summary information about the individual participant and the 

measurement, namely the participant identification number and the time and date of the 

measurement. 

Furthermore the following information about the TCD measurement is noted on paper: the 

participant identification number, the time and date of the measurement, the left and right 

MCA depth, the used sample volume, gain and power, the arterial blood pressure, the 

heart frequency and the CO2 level during the procedure. 

For each subject participating in the study a separated folder will be generated containing 

all the corresponding documents, like the TCD measurement information, general 

participant 

information and written informed consent. The document with the general participant 

information will be the only document containing the participant identification number. The 

data used in the statistical data analysis will be completely anonymous, meaning that the 

data will not be traceable to the individual subject. This will also be the case for the data 

used for publications. The handling of personal data will be in compliance with the Dutch 

Personal Data Protection Act (in Dutch: de Wet bescherming persoonsgegevens, Wbp). 

All data will be stored for 15 years after the final subject completed the trial. 

 

Monitoring and Quality Assurance  

Not applicable 

Amendments  

Amendments are changes made to the research after a favourable opinion by the 

accredited METC has been given. All substantial amendments will be notified to the 
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METC that gave a favourable opinion. This notification will include the following 

documents: 

 

 Covering letter, including the reasons for the amendment in one or two sentences, a 

brief description of the changes that are included in the amendment and the name of 

the documents that are modified; 

 An extract of the modified documents, where applicable, showing both the previous 

and new wording, where applicable. 

 The new version of the modified documents, where applicable, identified with updated 

number of version and date. 

 

The amendments are only applied and implemented after a positive opinion of the 

accredited METC that approved the corresponding research protocol. 

Non-substantial amendments will not be notified to the accredited METC and the 

competent authority, but will be recorded and filed by the principal investigator. 

 

Annual progress report 

It is expected that the study can be conducted over a period of 10 weeks. Therefore an 

annual progress report is expected to be unnecessary. However, in case the time span 

exceeds one year, the principal investigator will submit a summary of the progress of the 

trial to the accredited METC after one year. Information will be provided on the date of 

inclusion of the first subject, numbers of subjects included and numbers of subjects that 

have completed the trial, serious adverse events/ serious adverse reactions, other 

problems, and amendments. 

 

Temporary halt and (prematurely) end of study report 

The investigator/sponsor will notify the accredited METC of the end of the study within a 

period of 8 weeks. The end of the study is defined as the last participant’s last visit.  

The sponsor will notify the METC immediately of a temporary halt of the study, including 

the reason of such an action.  

In case the study is ended prematurely, the sponsor will notify the accredited METC 

within 15 days, including the reasons for the premature termination. 

Within one year after the end of the study, the investigator/sponsor will submit a final 

study report with the results of the study, including any publications/abstracts of the study, 

to the accredited METC.  
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Public disclosure and publication policy 

The study is unique and therefore the study data will be eligible for publication in the 

international literature. The decision to publish will be taken independent of the study 

outcome. The principal investigator as well as co-investigators will all participate in the 

writing and publication process. To none of these persons restrictions are imposed which 

could hamper an objective scientific publication.  
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STRUCTURED RISK ANALYSIS  

Not applicable 

Potential issues of concern 
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