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Figure 1: The cellular structure of the blood-brain barrier (BBB) in 3D and cross 
section (adapted from Cardoso et al).
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Figure 2: The plateau of cerebral blood flow 
autoregulation (adapted from Lassen, 1959).
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1%5%45"0( ,%)%*"G( #%*@%5"#/5%(
@%5#/54"#$,&'( "&)( 9%&%#$2(
'/'2%@#$4$0$#?(
>33' "#+' +Z=3"-".2#,' 7"&.2#(' 5/%&/' .2'

(26+' +Z.+-.' %-.+#"&.(' 5%./' ./+' 72)#'

=#+@%2)(3,'$%(&)((+$'6+&/"-%(6(R'"-$'%.'

%('$%77%&)3.'.2'+Z.#"&.'./+%#'%-$%@%$)"3'#23+'

%-' ./+' ="./2=/,(%232*,' 27' &+#+0#"3'

$,(7)-&.%2-'"7.+#'&"#$%"&'()#*+#,'UCDVO

>(' (/25-' "02@+R' ./+' =2((%03+'

"+.%232*%+(' .2' &+#+0#"3'$,(7)-&.%2-'"7.+#'

&"#$%"&'()#*+#,'"#+'@+#,'/+.+#2*+-+2)('

"-$'%-.+#"&.'5%./'+"&/'2./+#O'>3./2)*/'"33'

"#+'=3")(%03+'./+2#%+(R'./+#+'%('"'3"&B'27'

7%#6'+@%$+-&+'&2--+&.%-*'./+6'.2'&3%-%&"3'

2).&26+O'

:%(J' 4"&.2#(' 42#' &+#+0#"3'
$,(4)-&.%2-' "4.+#' &"#$%"&'
()#*+#,

c+33' @"3%$".+$'#%(B' 7"&.2#(' "((2&%".+$'

5%./'$+@+32=6+-.'27'(.#2B+'"7.+#'&"#$%"&'

()#*+#,' "#+' /%(.2#,' 27' &+#+0#2@"(&)3"#'

$%(+"(+R' =+#%=/+#"3' @"(&)3"#' $%(+"(+R'

$%"0+.+(R'/,=+#.+-(%2-R'=#+@%2)('&"#$%"&'

()#*+#,R' =#+2=+#".%@+' %-7+&.%2-R' )#*+-.'

2=+#".%2-R'!P9'.%6+'62#+'./"-'C'/2)#(R'

-++$' 72#' %-.#"2=+#".%@+'/"+627%3.#".%2-R'

/%*/' .#"-(7)(%2-' #+W)%#+6+-.' "-$'

=)362-"#,'/,=+#.+-(%2-'UER̀ VO'>('.2'#%(B'

7"&.2#('72#'=)#+'&2*-%.%@+'7)-&.%2-R'23$+#'

"*+R'$%"0+.+('6+33%.)(R'#+-"3'7"%3)#+'"-$'

=#+2=+#".%@+'&2*-%.%@+'$+&3%-+'"#+'62(.'

%6=2#."-.'Ù KR̀ IVO'
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CE

Data are mean±SEM*, mean±SD° or median (range)#. CABG§: Coronary artery bypass grafting. 
LVEF†: left ventricular ejection fraction. CPB‡:Cardiopulmonary bypass.

Table 1 
Demographic data, paper
I, II, III and IV

       I
isoflurane
(n = 16)

      II
sevoflurane
(n = 18)

   III
TAVI
(n = 21)

    IV
SAVR
(n = 10)

Age (yr) 71±2.6 * 72±1.9 * 81±6 ° 73±6 *

Sex
     Male
     Female

14
 2

13
 5

11
10

8
2

Body Surface area (m2) 1.89±0.0 * 1.89±0.04 *

Body Mass Index 24±2.7 ° 30±3 *

Logistic Euroscore, % 19.2±8 ° 

NYHA class I / II / III / IV 0/0/16/5 4/2/3/1

Aortic stenosis gradient,
mmHg

56±19 °
(mean) 

92±14*
   (max.)

NT-pro-BNP level, ng/L                                     5070
  (291- 
  35000)#

Creatinine, µmol/L                                           106±38 ° 88±11 *

Co-Morbidities
      Hypertension
      Diabetes
      Previous stroke or TIA
      Atrial fibrillation
      Previous cardiac surgery

3 11 9
5
2
3
10

3
5
1
1
0

Procedure 
     CABG§
     Valve
     Combined
     Maze
     Ascending aortic
                aneurysm

4
3
8
1
0

1
4
11
0
2

10

LVEF† (%) 54±3.3 * 55±2 * 52±13 ° 59±9 *

CPB‡ time (min) 128±9.5 * 109±6 * 93 ± 25 *

Cross-clamp time (min) 84±8.6 * 81±5 * 74 ± 24 *
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Table 2         Patterns for TCD identification of cerebral arteriesTable 2         Patterns for TCD identification of cerebral arteriesTable 2         Patterns for TCD identification of cerebral arteriesTable 2         Patterns for TCD identification of cerebral arteriesTable 2         Patterns for TCD identification of cerebral arteriesTable 2         Patterns for TCD identification of cerebral arteries

Vessel 
direction

Probe direction Depth of 
flow (mm)

Direction of 
flow

Ipsilateral 
carotid 
compression

Contralateral 
carotid 
compression

Anterior 
cerebral 
artery

Medial 
cerebral 
artery 

Posterior 
cerebral 
artery

Anterior

Perpendicular

Posterior

55-75

35-60

65-70

Away

Toward

Toward

Flow reversal

Reduced   
velocity

No change

Increased 
velocity

No change

No change
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Figure 3A: Transcranial Doppler (TCD) recording in pre-bypass period during 
cardiac surgery. Figure 3B: TCD recording during cardiopulmonary bypass 
(CPB).
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Figure 4: Mathematical calculation leading to the formula for cerebral oxygen 
extraction ratio (COE).
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Figure 5: Lateral fluoroscopic view of oximetry 
catheter in jugular bulb (white arrow).

Figure 6: Electroencephalographic (EEG) 
signal with burst-suppression pattern 
during anaesthesia.
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Table 3           Criteria for counting Emboli signals on spectral vs. PMD TCD

          Spectral TCD criteria                                                          PMD criteria

Table 3           Criteria for counting Emboli signals on spectral vs. PMD TCD

          Spectral TCD criteria                                                          PMD criteria

Transient, lasting <300ms
Embolic signature visible at least 3 dB higher 
than the highest  spontaneous PMD display of 
background blood flow signal

At least 3 dB higher signal 
intensity than that of the highest 
background blood flow signal

Embolic signature reflects motion in one 
direction at a minimal  spatial extent of 7.5 
mm and a minimal temporal extent of 30 ms. 
An MCA embolic signal is required to move 
towards the probe.

   Unidirectional

The embolic signal must traverse a specific 
depth determined by the highest intensity of 
the insonated artery in order to avoid 
repeated counting of the same embolus-depth 
defined by the optimal spectrogram waveform

Accompanied by snap, chip or 
moan on the audible output.

   NA

PMD: Power M-mode Doppler. TCD: Transcranial Doppler.
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Figure 7: TCD recording showing 3 microembolic signals (white arrow) 
detected during catheter manipulation in aortic arch in patient receiving 
transcatheter aortic valve implantation (TAVI).
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Figure 8: Relationship between cerebral 
perfusion pressure (CPP) and cerebral blood 
flow velocity (CBFV) during cardiopulmonary 
bypass (CPB). Plot during control and with 
isoflurane added to CPB circuit in one 
patient.
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Figure 9: Graphic presentation of study design in paper I and II.
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Figure 10:Transcranial Doppler recording of cerebral blood flow velocity (CBFV) during 
start and end (white arrows) of rapid pacing with balloon expansion of native aortic valve 
during transcatheter aortic valve implantation (TAVI).
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Figure 11: Graphic presentation of study design in paper III.
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Figure 13: Effects of isoflurane on cerebral oxygen 
extraction (COE) compared with control at 5 different 
levels of cerebral perfusion pressure (CPP). A 13% 
decrease in COE was found during isoflurane 
administration (p<0.05). The slope of the isoflurane curve 
was more positive compared with control (p<0.05). Values 
are mean±SEM.

Figure 12: Effects of isoflurane on cerebral blood flow 
velocity (CBFV) compared with control at 5 different 
levels of cerebral perfusion pressure (CPP). A 27% 
decrease in CBFV was found during isoflurane 
administration (p<0.05). The slope of the isoflurane 
curve was more positive compared with control (p<0.05). 
Values are mean±SEM.
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Figure 14: Effects of sevoflurane on cerebral blood flow 
velocity (CBFV) compared with control at 5 different levels 
of cerebral perfusion pressure (CPP). A 17% decrease in 
CBFV was found during sevoflurane administration 
(p<0.05). The slope of the sevoflurane curve was more 

Figure 15: Effects of sevoflurane on cerebral oxygen 
extraction (COE) compared with control at 5 different 
levels of cerebral perfusion pressure (CPP). A 23% 
decrease in COE was found during sevolurane 
administration (p<0.05). The slope of the sevoflurane 
curve was more positive compared with control (p<0.05). 
Values are mean±SEM
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Table 4                                  Intra-procedural data TAVI

  Procedure duration, (min)                                                            100±41
  Amount of radiocontrast, (ml)                                                      197±96
  Fluoroscopy duration, (min)                                                         33±14                                                                            

  Ventricular pacing duration (sec)                                                 14.6±2.24
  CoreValve® inserted into previous bioprosthesis valve               3 (14)
  Left subclavian artery access                                                       3 (14)
  Postoperative need for permanent pacemaker                            3 (14)

   Transcranial Doppler embolic counts:
  Instrumentation of the aortic arch/root/valve                                106±103                                                  
  Valvuloplasty of the native aorta                                                   62±64              
  Expansion of the valve prosthesis                                                115±87

        Total embolic load                                                                          282±169

Data presented as mean±SD or n (%).
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Figure 16: The total number of microembolic signals (MES) 
related to events during TAVI procedure. (data are 
presented as means±SD).
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Figure 17: A burst of microembolic signals is recorded as the balloon is deflated, 
ending the valvuloplasty  of the native aortic valve.

Figure 18: Individual data on serum S-100B after balloon expansion of native 
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Figure 19: The correlation between total embolic load and the area under curve 
relating the s-100B serum level to time (AUC S-100B) 24 hrs after the TAVI 
procedure (r=0.68, p<0.001, n=20).
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Figure 20: Individual data on the intra-operative distribution of microembolic signals 
during surgical aortic valve replacement (SAVR).

Table 5.                 Intra-procedural data SAVRTable 5.                 Intra-procedural data SAVR

Total procedure duration, (min)                                                                      165 ± 54∗

CPB time, (min)                                                              93 ± 25
Aortic cross-clamp time, (min)                                                                                74 ± 24
Transcranial Doppler embolic counts

   Aortic cannulation before CPB start                                                                       17 ± 26

   CPB start before aortic cross-clamp                                                                         18 ± 20

   During aortic cross-clamp   34 ± 38

   Aortic de-clamp to end of CPB     226 ± 187

   End of CPB to aortic decannulation                                                                 39 ± 35
   Aortic decannulation to sternal closure                                                         20 ± 39
   Total intra-operative embolic count                                                           354 ± 79

CPB: Cardiopulmonary bypass. *Values are mean
±SEM.
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Fig. 21 A-E: Individual data on pre- and postoperative levels of the cerebrospinal 
fluid (CSF)/serum albumin ratio (A), interleukin-6 (IL-6) (B), interleukin-8 (IL-8) (C), 
S-100B (D), glial fibrillary acidic protein (GFAP) (E).
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Fig 22 A-C: Individual data on pre- and postoperative levels of the cerebrospinal fluid 
(CSF) neuron-specific enolase (NSE) (A), total-tau (T-tau) (B), and neurofilament light 
chain protein (NF-L) (C).
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Table 6.                                       Biochemical data SAVRTable 6.                                       Biochemical data SAVRTable 6.                                       Biochemical data SAVRTable 6.                                       Biochemical data SAVR
Preoperative Postoperative p-value

CSF S-100B (yg/L) 0.652±0.052 0.882±0.059   p=0.003*

Serum  S-100B (yg/L) 0.064±0.007 0.135±0.023   p=0.008*

CSF GFAP (ng/L) 516±66.5 646±82.3  p=0.055

CSF NSE (ng/L) 10.8±0.72 10.4±0.68 p=0.40

CSF T-tau (ng/L) 235.2±19.1 241.7±17.1   p=0.641

CSF NF-L (ng/L) 896±109 982±97.8   p=0.245

CSF-albumin (mg/L) 205±17.4 232±23.4  p=0.05*

Serum albumin (g/L) 41±1.5 30±2    p<0.001*

Albumin  CSF/serum ratio 5.13±0.48 8.28±1.22    p=0.011*

CSF IL-6 (ng/L) 1.89±0.5 22.8±6.9     p=0.014*

Serum IL-6 (ng(L) 14.7±12.6 78.6±12.5    p=0.003*

CSF IL-8 (ng/L) 39.8±7.8 139.3±18.3     p<0.001*

Serum IL-8 (ng/L) 13.3±2.0 22.1±2.2     p=0.016*

CSF; cerebrospinal fluid, GFAP; glial fibrillary acidic protein, NSE; neuron-
specific enolase,T-tau; total tau, NF-L; neurofilament light chain protein. IL-6; 
interleukin 6. IL-8; interleukin 8.  *Values are mean±SEM.
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&2-.#"(.R'%-'="=+#'??R'=)03%(/+$'%-'CDEER'

./%('7#"&.%2-'5"('2-3,'K Ô'S/%('=#20"03,'
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Figure 23: Theoretical illustration of the effect of a vasodilating 
drug on the CPP-CBFV (above) and CPP-COE (below) 
relationships.
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Figure 24: Theoretical illustration of the effect of a 
decrease in CMRO2 on the CPP-CBFV (above) and CPP-
COE (below) relationships.
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Figure 25: Illustration of the implications of heamodynamic measurements in paper 
I and II on the relationship between CPP-CBFV (above) And CPP-COE (below).
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