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Cerebral microdialysis (MD) may be used in patients suffering from subarachnoid
hemorrhage (SAH) to detect focal cerebral ischemia. The cerebral MD catheter is usually
placed in the right frontal lobe and monitors the area surrounding the catheter. This
generates the concern that a fall in cerebral blood flow (CBF) and ischemic events distant
to the catheter may not be detected. We aimed to investigate if there is a difference
in the association between the MD parameters and CBF measured around the MD
catheter compared to global cortical CBF and to CBF in the vascular territories following
SAH in the early acute phase. MD catheter was placed in the right frontal lobe of 30
SAH patients, and interstitial glucose, lactate, pyruvate, glycerol, and lactate/pyruvate
ratio were measured hourly. CBF measurements were performed during day 0-3 after
SAH. Global cortical CBF correlated strongly with CBF around the microdialysis catheter
(CBF-MD) (r = 0.911, p < 0.001). This was also the case for the anterior, middle, and
posterior vascular territories in the right hemisphere. A significant negative correlation
was seen between lactate and CBF-MD (r = —0.468, p = 0.009). The same relationship
was observed between lactate and CBF in anterior vascular territory but not in the middle
and posterior vascular territories. In conclusion, global CBF 0-3 days after severe SAH
correlated strongly with CBF-MD. High lactate level was associated with low global CBF
and low regional CBF in the right anterior vascular territory, when the MD catheter was
placed in the right frontal lobe.

Keywords: cerebral blood flow, microdialysis, lactate, Xenon-CT, subarachnoid hemorrhage

INTRODUCTION

Today multimodal monitoring is a part of the neurointensive care (NIC) management of patients
suffering severe subarachnoid hemorrhage (SAH) (1). Microdialysis (MD) of the extracellular fluid
may be used to monitor the metabolic state of the tissue in order to detect secondary injuries such
as ischemia (2, 3). Cerebral ischemia is a feared complication which occurs in 20-30% of patients
suffering from SAH and increases the morbidity and mortality (4). Monitoring cerebral metabolites
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and cerebral blood flow (CBF) provides vital information on tissue
at risk of developing ischemia. However, MD is a focal technique
that measures a small region of the brain tissue, and it is recom-
mended that, if possible, the MD catheter should be placed in the
vascular territory atrisk (5). At our department, the MD catheter is
routinely placed in right frontal lobe. This is based on the assump-
tion that both the middle cerebral artery (MCA) and the anterior
cerebral artery (ACA) territories will be monitored. Bedside
Xenon-CT is used routinely in our NIC unit in order to assess
the regional CBF in patients following SAH (6-8). In a previous
Xenon-CT study including 64 SAH patients, we could not find
any correlation between regional CBF and aneurysm location (7).

Earlier studies in SAH patients using positron emission
tomography simultaneously with MD have shown increased lev-
els of energy metabolites (9) and glutamate (10) under conditions
with low CBE

The objective of the current study, using bedside Xenon-CT,
was to investigate if there is a difference in the association between
the MD parameters and CBF measured around the MD catheter
compared to global cortical CBF and to CBF in the vascular ter-
ritories during the early acute phase of SAH.

MATERIALS AND METHODS

Study Population and Study Design

Thirty patients with SAH who were admitted to the NIC unit,
Section of Neurosurgery, Uppsala University Hospital, between
October 2012 and May 2015 were included in the study.

The inclusion criteria were patients who underwent a
Xenon-CT at day 0-3 after onset of SAH and received a MD
catheter at admission. These patients needed to be mechanically
ventilated for the Xenon-CT and in need of a ventriculostomy
for simultaneous insertion of a MD catheter. Patients with a
preexisting neurological deficit, an SAH resulting from trauma,
or arteriovenous malformation were excluded. The SAH was veri-
fied by CT scanning and the aneurysm was visualized by a CT
angiography and/or digital subtraction angiography (6).

Neurointensive Care

The standardized protocol at our NIC unit, which is well
described previously (6, 11), is based on intensive physiological
monitoring and aggressive therapy of any derangement to avoid
or minimize secondary brain injury. Unconscious patients are
mechanically ventilated and receive a ventriculostomy. If ICP
is above 20 mmHg, the drainage system is opened and cer-
ebrospinal fluid drained against a pressure level of 15 mmHg.
Hypotension is treated first with albumin 20% and crystalloid
solutions, and with Dobutamine (Algol Pharma AB, Kista,
Sweden) if needed. The goal is to keep CPP above 60 mmHg.
Identified aneurysms are treated early by endovascular coiling
or surgical clipping. All patients receive nimodipine (Nimotop®,
Bayer AB, Solna, Sweden).

CBF Measurements
At our department, bedside Xenon-CT has been introduced
as a routine and is performed on patients with SAH and

mechanically ventilated at day 0-3, day 4-7 and after 7 days
after admission as far as the necessary resources are available
(6). This time point is used since delayed cerebral ischemia
(DCI) is rarely seen before day 3 following onset of SAH
(12, 13). The principal of CBF measurements using Xenon-CT
has been previously described by Yonas et al. (14-16), and the
procedure used at our department has also been previously
described (6). Briefly, a concentration of 28% of stable Xenon is
administered to the patients breathing circuit for about 4 min
using the Enhancer 3000 and the specially developed computer
software (Diversified Diagnostic Products Inc., Houston, TX,
USA). During the Xenon inhalation, eight CT scans at four dif-
ferent levels with 10-mm spacing are obtained by the CereTom®
(Neurologica, Boston, MA, USA). The first CT-scan is adjusted
using the scout view in order to avoid inclusion of coil artifacts.
The computer software synchronizes the Xenon delivery and
the CT scans. The resulting radiologic tissue enhancement of
the Xenon wash-in enables CBF (ml/100 g/min) to be calculated
and plotted as colored maps.

Mean blood flow in each of 20 evenly distributed cortical
regions (ROIs) was calculated for each level, and the global CBF
is given as a mean of all four levels. The vascular territories were
analyzed as following: ACA—ROI 1-2 (right) and 19-20 (left),
MCA—ROI 3-8 (right) and 13-18 (left), and posterior cerebral
artery (PCA)—ROI 9-10 (right) and 11-12 (left) (Figure 1).
The tip of the MD catheter was identified on the structural CT
scans and an ROI was drawn manually (diameter = 3 cm) for the
corresponding area around the MD catheter on the CBF scans.
Territories with CT-defined hematoma or artifacts were noted
and excluded.

Cerebral MD

The cerebral MD technique in NIC has previously been exten-
sively used and described (2, 9). The intracerebral MD catheter is
placed in the right frontal lobe cortex through a separate burr hole,
anterior to the ventricular drain. For intracerebral MD monitor-
ing, a 70 brain MD catheter is used (M Dialysis AB, Stockholm,
Sweden) with a membrane length of 10 mm and a membrane
cutoft of 20,000 Da. The catheters are perfused with artificial CSF
(NaCl 147 mmol/l, KCl 2.7 mmol/l, CaCl, 1.2 mmol/l, MgCl,
0.85 mmol/l) (perfusion fluid CNS; M Dialysis AB).

The perfusion rate was measured as 0.3 pl/min using a
microinjection pump (CMA-106, M Dialysis AB). MD urea
was monitored to validate catheter performance (17). The MD
samples were collected on an hourly basis. For the correla-
tion analysis, the MD sample was collected at the end of the
Xenon-CT exanimation. Interstitial glucose, lactate, pyruvate,
glutamate, glycerol, and urea were analyzed enzymatically using
a CMA 600 analyzer or ISCUS Clinical Microdialysis Analyzer
(M Dialysis AB).

Statistical Analysis

All analyses were performed using SPSS Statistics for Macintosh,
Version 23.0 (IBM®, Armonk, NY, USA). In order to assess the
normality of the data set, the skewness and kurtosis of the distri-
bution were analyzed. Since the parameters were not normally
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FIGURE 1 | Xenon-CT scans at different levels obtained by bedside mobile CT-scanner. Conventional CT images are obtained for evaluation and identification of
microdialysis (MD) catheter. Following Xenon delivery tissue enhancement of the Xenon wash-in enabled cerebral blood flow (CBF) (ml/100 g/min) to be calculated
and plotted as colored maps. Scale of CBF is ml/100 g/min and is given to the right. Twenty cortical ROIs were used for CBF calculation and regional vascular
territory was identified (anterior cerebral artery 1-2, 19-20, medial cerebral artery 3-8, 13-18, posterior cerebral artery 9-10, 11-12). CBF around the MD catheter
was calculated by drawing an ROl manually around the catheter (circle in red). White arrow indicates EVD.

distributed, Spearman’s correlation was used. Bonferroni cor-
rection was performed for multiple comparisons. Results are
expressed as mean + SD and range within brackets. A p value
<0.05 was considered statistically significant.

Ethics

The Uppsala University Regional Ethics Review Board for clini-
cal research granted permission to undertake the study. Written
informed consent was obtained from all patients or their proxy
for study participation. The study was also approved by the local
Radiation Safety Authority.

RESULTS

Demography and Clinical Data

Thirty patients with severe SAH were included, 5 males and 25
females. Demographics and clinical data including the distribu-
tion of aneurysm location are given in Table 1. The physiological

parameters were stable during CBF measurements, and baseline
values are shown in Table 2.

CBF Measurements

The mean cortical global CBF for all patients was
33.3 + 13,5 ml/100 g/min (13.7-73.8) and CBF-MD was
30.3 + 12.5 ml/100 g/min (11.0-56.9). There was a significant
positive correlation between the global CBF and CBF-MD
(r=0911, p < 0.001).

The correlation between CBF around the MD catheter and dif-
ferent vascular territories of the right hemisphere was calculated
and showed to be significant (p < 0.001) (Figure 2). Stronger
correlation was seen between CBF in the ACA territory and MD.

MD Results

There were no complications associated with MD catheter inser-
tion. The MD data corresponding to the time of CBF measure-
ments are shown in Table 3. There was a huge variation between
the patients, in particular in glycerol and glutamate.
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TABLE 1 | Demographics and clinical data including the distribution of aneurysm

location.

Patient characteristics n (%)
Sex

Female 25 (83)
Male 5(16)
Age (year) 58.9 (28-84)
Hunt and Hess at admission

H&H Il 6 (20)
H&H I 8 (26)
H&H V-V 16 (563)
Fisher grade

1-2 0(0)
3 7 (23)
4 23 (76)
Aneurysm location

AComA 9 (30)
ICA 4 (13)
PComA 5(16)
MCA 6 (20)
AChA 19
PCA 1(3)
BA 19
PICA 2(6)
Unknown 1)
Treatment

Clip 4(13)
Coil 25 (83)

Age is given as mean and (range).

AcomA, anterior communicating artery; ICA, internal carotid artery; PComA, posterior
communicating artery; MCA, middle cerebral artery; AChA, anterior choroidal artery;
PCA, posterior cerebral artery; BA, basilar artery; PICA, posterior inferior cerebellar
artery.

TABLE 2 | Physiological parameters before and after the Xenon-CT
measurements.

Before After
Pa0; (kPa) 13.3+28 136 +3
PaCO:; (kPa) 51+04 52+05
FIO2 (%) 39.3 +10.3 39.6 + 10.1
MAP (mmHg) 941 + 141 90.5+11.8
ICP (mmHg) 17 +£5 17547
CPP (mmHg) 77.6 +15.5 76.9 + 13.1

Values are given as mean + SD.

PaO;, arterial partial pressure of oxygen; PaCO., arterial partial pressure of carbon
dioxide; FIO-, fraction of inspired oxygen; MAR mean arterial blood pressure; ICP,
intracranial pressure; CPR, cerebral perfusion pressure.

Pyruvate showed a strong positive correlation with lac-
tate which remained significant after Bonferroni correction
(r=0.738, p <0.001) and glucose (r = 0.496, p = 0.006), but the
correlation with glucose did not pass the Bonferroni correction
level. Glutamate showed the strongest correlation with lactate
although not significant (r = 0.375, p = 0.049).

CBF and MD Correlation

Microdialysis parameters obtained at the time of Xenon-CT
were compared to global cortical CBF and CBF-MD to inves-
tigate if there was an association between the CBF and the
interstitial chemistry.

A significant negative correlation could be seen between
lactate and CBF-MD (r = —0.468, p = 0.009). Lactate also
negatively correlated with global CBF (r = —0.408, p = 0.025)
but this did not remain significant following Bonferroni correc-
tion. There was a weak negative and non-significant correlation
between L/P ratio and CBF-MD (r = —0.364, p = 0.048) and
global CBF (r = —0.329, p = 0.075). No significant correlation
could be found between CBF and glucose, pyruvate, glycerol,
and glutamate.

The association between CBF in each vascular territory in
the right hemisphere and MD parameters was investigated
(Table 4). Lactate showed a significant negative correlation with
CBF in ACA in the right hemisphere. This correlation was weaker
and non-significant for CBF in PCA territory (Figure 3). After
Bonferroni correction, only lactate correlated significantly with
CBF in ACA territory.

DISCUSSION

In this study, we found that bedside monitoring of CBF using
Xenon-CT in combination with MD in patients with SAH was
feasible and safe. Placement of the MD catheter in the right frontal
lobe following SAH showed a strong negative correlation between
lactate and regional CBF in the anterior vascular territory but not
in the middle and the posterior vascular territories. Few studies
have combined CBF measurements with MD parameters in SAH
patients (9, 10, 18). Using PET, Enblad et al. found that lactate,
L/P ratio, and glutamate had the highest sensitivity for detecting
ischemia in the area of the MD catheter (9). Also, Sarrafzadeh
et al. found highest sensitivity for lactate and glutamate to detect
ischemia using PET (10, 18).

High lactate levels have been reported to be associated
with ischemia both in SAH patients and patients with head
injury (19, 20). However, high lactate levels may also indicate
hyperglycolysis (21, 22), explaining its rather low specificity
as a biomarker of ischemia (9). Consequently, additional
parameters such as L/P-ratio, pyruvate, and CBF should be
evaluated to distinguish between ischemia, hyperglycolysis,
and mitochondrial dysfunction (5, 23-25). In the current study,
there was a significant negative correlation between CBF and
lactate. However, the L/P ratio was not significantly correlated
with CBE We have recently reported on high lactate and low
CBF during the acute phase following SAH in patients who
later developed DCI (26). Different studies report on different
levels of CBF thresholds for ischemia. Previous studies using
Xenon-CT have reported on cortical CBF in awake normal
subjects to be 52 + 10 ml/100 g/min (27). In an additional
study, comatose patients following head injury were compared
to normal subjects and CBF threshold of 55.3 ml/100 g/min
was defined as hyperemia (28). Our recent report on patients
suffering severe SAH showed that patients who later develop
DCI have initial low CBF levels of 23.7 ml/100 g/min compared
to 37.5 ml/100 g/min in those who do not develop DCI (26).
Current results are in line with previous findings and emphasize
the important role of lactate in correlation with CBF in patients
suffering SAH.

Frontiers in Neurology | www.frontiersin.org

August 2017 | Volume 8 | Article 369


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive

Rostami et al.

CBF & Brain Chemistry in SAH

60

R? Linear = 0.828

CBF MD (ml/100g/min)

T T T T T
0 20 40 60 80

CBF Global (ml/100g/min)

60.007

R? Linear = 0.622 ]

50.007

40.004

30.004

20.004

CBF MD (ml/100g/min)

10.007

T T T T
0 20 40 60

MCA Right (ml/100g/min)

right hemisphere.
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TABLE 3 | Microdialysis data for all patients (n = 30) at the time of cerebral blood flow measurements.

Glucose (mmol/l) Lactate (mmol/l) Pyruvate (pmol/l) Glycerol (pmol/l) Glutamate (pmol/l) L/P ratio
Mean + SD 23+141 39+2 143.6 + 46.8 147.5 + 149.3 322 +57.7 276+11.8
Range 05-5.3 1.4-104 66.7 - 249.4 18 -577 0.2-170 15.2-71.2

It is recommended that in patients suffering SAH, the MD
catheter, if possible, should be placed in the vascular territory at
risk (5). However, at our department, the MD catheter is placed
in the right frontal lobe if there are no hematomas or infarc-
tion in conjunction to the ventriculostomy. This is based on the
assumption that anterior brain a sensitive zone vascularized

both by ACA and MCA, watershed areas, would offer an early
warning signal of hypoperfusion and development of ischemia.
In addition, this approach is logistically more feasible for the
neurosurgeon on-call. In this study, we investigated how well
the CBF in different vascular territories in the right hemisphere
correlated with global CBF and if low CBF in different vascular
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territories was correlated to pathological findings from MD
placed in right frontal lobe. We found a strong and significant
correlation between global CBF and all three vascular territories
in the right hemisphere. However, pathological values indicated
by high lactate were correlated with ACA territory but not with

TABLE 4 | Correlation between cerebral blood flow (CBF) measurements in
different vascular territories of right hemisphere and microdialysis parameters.

Right Right Right

ACA—CBF MCA—-CBF PCA—CBF

r p-Value r p-Value r p-Value
Glucose 0.004 0.982 0.161 0.402 0.149 0.441
(mmol/l)
Pyruvate —-0.363 0.049 -0.355 0.054 -0.120 0.526
(pmol/l)
Glycerol -0.026 0.897 0.007 0.971 0.119 0.545
(Hmol/l)
Glutamate  -0.324 0.093 -0.245 0.141 -0.067 0.736
(rmol/l)
Lactate -0.482 0.007s —-0.460 0.010 -0.242 0.198
(mmol/l)
L/P ratio -0.354 0.055 -0.229 0.223 -0.348 0.060

The r-value is the Spearman correlation coefficient.

CBF, cerebral blood flow; L/P ratio, lactate/pyruvate ratio; ACA, anterior cerebral artery;
MCA, middle cerebral artery and PCA, posterior cerebral artery.

aSignificant correlation after Bonferroni correction for multiple comparisons.

MCA and PCA territories. This may be as expected since these
territories are less covered by a catheter placed in the right
frontal lobe.

The CBF measurements in this study were performed during
day 0-3 following onset of SAH. Further studies are needed to
evaluate the association between CBF and MD parameters at
later time points after SAH with the catheter in right frontal lobe,
given the increased risk of vasospasm and delayed focal cerebral
ischemia. Another methodological limitation is the potential
influence of artifacts from the EVD and MD catheter that may
give inaccurately low CBF levels. This problem could not be
avoided completely but is probably of minor magnitude. The
artifacts were very small and comprised a minor proportion of
the ROI volume analyzed.

A limitation of Xenon-CT CBF measurement compared to
other methods such as PET is lower resolution and that only CBF
can be quantified. However, PET is a complex and costly proce-
dure with a need of cyclotron, while bedside Xenon-CT is more
economical and accessible imaging technique with few adverse
effects that can be used in the routine NIC to measure CBE.

In conclusion, the results of this study, using bedside
Xenon-CT day 0-3 after SAH with simultaneous MD monitor-
ing, show correspondence between high lactate levels and low
regional CBF in the territory of right ACA but not in the middle
and posterior vascular territories, when the MD catheter is
placed in the right frontal lobe.

124 129 124
L] . .
10 109 104
g 8+ o E 84 . S 8- .
: 2 2
E o b P £ o N . . £ o ° o
g PCLI g ML g o °° o
5 . . 5 - . 5 . .
“ . o ° “1 o K] 4 e o o
.
". -. . . 0'. ... ..' ..' °
°® . .
24 . . 2 ' % 8 .
L ° . i ° . 2 . . . '
0 0 o+
I‘) Z‘D 4'0 6'0 5‘ 0 1 ||)|7 \; ZID 4‘0 6' 0 slu E Zlﬂ 4l0 E'ID Blﬂ
ACA Right (ml/100g/min) MCA Right (ml/100g/min) PCA Right (ml/100g/min)
80 80
80+
L] L]
.
60 60 60
=] o
2 2 2
5 LIS 3 o ° 5 LIS
[ [ o
3 a0+ . I a0 . S aod .
. L .
LI . . *e, . p
ce . . . e ° L4 . . ® . .
. . . . 3 . . .
204 se Tt 20 i o ° 20 S . e ‘
. .
. ¢ . . 0 . b4 . o . .. . . :
T 7 T T T T T T T 7 T T T | v T T T
o 20 40 60 80 100 10 20 30 40 50 60 70 [ 20 40 60 80
ACA-Right (ml/100g/min) MCA-Right (ml/100g/min) PCA-Right (ml/100g/min)
FIGURE 3 | The correlation between cerebral blood flow (CBF) in each vascular territory of the right hemisphere and microdialysis lactate/pyruvate ratio and lactate
is shown. Lactate showed a significant correlation with CBF in anterior cerebral artery (ACA) territory in the right hemisphere.

Frontiers in Neurology | www.frontiersin.org

August 2017 | Volume 8 | Article 369


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive

Rostami et al.

CBF & Brain Chemistry in SAH

ETHICS STATEMENT

The Uppsala University Regional Ethics Review Board for clini-
cal research granted permission to undertake the study. Written
informed consent was obtained from all patients or their proxy
for study participation. The study was also approved by the local
Radiation Safety Authority.

REFERENCES

1. Sandsmark DK, Kumar MA, Park S, Levine JM. Multimodal monitoring
in subarachnoid hemorrhage. Stroke (2012) 43(5):1440-5. doi:10.1161/
STROKEAHA.111.639906

2. Ungerstedt U, Rostami E. Microdialysis in neurointensive care. Curr Pharm
Des (2004) 10(18):2145-52. d0i:10.2174/1381612043384105

3. Hillered L, Persson L, Nilsson P, Ronne-Engstrom E, Enblad P. Continuous
monitoring of cerebral metabolism in traumatic brain injury: a focus on cere-
bral microdialysis. Curr Opin Crit Care (2006) 12(2):112-8. d0i:10.1097/01.
ccx.0000216576.11439.df

4. Kassell NE Sasaki T, Colohan AR, Nazar G. Cerebral vasospasm following
aneurysmal subarachnoid hemorrhage. Stroke (1985) 16(4):562-72.
doi:10.1161/01.STR.16.4.562

5. Hutchinson PJ, Jalloh I, Helmy A, Carpenter KL, Rostami E, Bellander BM,
et al. Consensus statement from the 2014 International Microdialysis Forum.
Intensive Care Med (2015) 41(9):1517-28. doi:10.1007/s00134-015-3930-y

6. Rostami E, Engquist H, Johnson U, Howells T, Ronne-Engstrom E, Nilsson P,
et al. Monitoring of cerebral blood flow and metabolism bedside in patients
with subarachnoid hemorrhage - a Xenon-CT and microdialysis study. Front
Neurol (2014) 5:89. doi:10.3389/fneur.2014.00089

7. Engquist H, Lewen A, Howells T, Johnson U, Ronne-Engstrom E, Nilsson P,
et al. Hemodynamic disturbances in the early phase after subarachnoid hem-
orrhage: regional cerebral blood flow studied by bedside Xenon-enhanced CT.
J Neurosurg Anesthesiol (2016). doi:10.1097/ANA.0000000000000395

8. Johnson U, Engquist H, Howells T, Nilsson P, Ronne-Engstrom E, Lewen A,
et al. Bedside Xenon-CT shows lower CBF in SAH patients with impaired
CBF pressure autoregulation as defined by Pressure Reactivity Index (PRx).
Neurocrit Care (2016) 25(1):47-55. d0i:10.1007/s12028-016-0240-3

9. EnbladP, Valtysson], Andersson],LiljaA, Valind S, Antoni G, etal. Simultaneous
intracerebral microdialysis and positron emission tomography in the detec-
tion of ischemia in patients with subarachnoid hemorrhage. J Cereb Blood
Flow Metab (1996) 16(4):637-44. doi:10.1097/00004647-199607000-00014

10. Sarrafzadeh AS, Haux D, Ludemann L, Amthauer H, Plotkin M, Kuchler I,
et al. Cerebral ischemia in aneurysmal subarachnoid hemorrhage: a correl-
ative microdialysis-PET study. Stroke (2004) 35(3):638-43. doi:10.1161/01.
STR.0000116101.66624.F1

11. Ryttlefors M, Howells T, Nilsson P, Ronne-Engstrom E, Enblad P. Secondary
insults in subarachnoid hemorrhage: occurrence and impact on outcome and
clinical deterioration. Neurosurgery (2007) 61(4):704-14. doi:10.1227/01.
NEU.0000298898.38979.E3

12. Bergvall U, Steiner L, Forster DM. Early pattern of cerebral circulatory
disturbances following subarachnoid haemorrhage. Neuroradiology (1973)
5(1):24-32. doi:10.1007/BF02464626

13. van Gijn J, Kerr RS, Rinkel GJ. Subarachnoid haemorrhage. Lancet (2007)
369(9558):306-18. doi:10.1016/50140-6736(07)60153-6

14. Yonas H, Gur D, Wolfson SK Jr, Good WE Good BC, Latchaw RE. Xenon-
enhanced computerised tomographic cerebral blood flow mapping. Lancet
(1984) 1(8390):1357. doi:10.1016/S0140-6736(84)91856-7

15. Meyer JS, Shinohara T, Imai A, Kobari M, Sakai F, Hata T, et al. Imaging local
cerebral blood flow by Xenon-enhanced computed tomography - technical
optimization procedures. Neuroradiology (1988) 30(4):283-92. doi:10.1007/
BF00328177

16. Yonas H, Pindzola RP, Johnson DW. Xenon/computed tomography cerebral
blood flow and its use in clinical management. Neurosurg Clin N Am (1996)
7(4):605-16.

17. Ronne-Engstrom E, Cesarini KG, Enblad P, Hesselager G, Marklund N,
Nilsson P, et al. Intracerebral microdialysis in neurointensive care: the use

AUTHOR CONTRIBUTIONS

ER: design, data acquisition, analysis, and manuscript prepara-
tion. HE: Xenon-CT performance and manuscript preparation.
TH, ER-E, and AL: data acquisition. PN: manuscript preparation.
LH: data acquisition and manuscript preparation. PE: design and
manuscript preparation.

of urea as an endogenous reference compound. ] Neurosurg (2001) 94(3):
397-402. doi:10.3171/jns.2001.94.3.0397

18. Sarrafzadeh A, Haux D, Plotkin M, Ludemann L, Amthauer H, Unterberg A.
Bedside microdialysis reflects dysfunction of cerebral energy metabolism
in patients with aneurysmal subarachnoid hemorrhage as confirmed by
15 O-H2 O-PET and 18 F-FDG-PET. ] Neuroradiol (2005) 32(5):348-51.
doi:10.1016/S0150-9861(05)83168-2

19. Timofeev I, Czosnyka M, Carpenter KL, Nortje ], Kirkpatrick PJ,
Al-Rawi PG, et al. Interaction between brain chemistry and physiology after
traumatic brain injury: impact of autoregulation and microdialysis catheter
location. ] Neurotrauma (2011) 28(6):849-60. doi:10.1089/neu.2010.1656

20. Oddo M, Levine JM, Frangos S, Maloney-Wilensky E, Carrera E, Daniel RT,
et al. Brain lactate metabolism in humans with subarachnoid hemorrhage.
Stroke (2012) 43(5):1418-21. doi:10.1161/STROKEAHA.111.648568

21. Cesarini KG, Enblad P, Ronne-Engstrom E, Marklund N, Salci K, Nilsson P,
et al. Early cerebral hyperglycolysis after subarachnoid haemorrhage
correlates with favourable outcome. Acta Neurochir (Wien) (2002)
144(11):1121-31. doi:10.1007/s00701-002-1011-9

22. Vespa P, Bergsneider M, Hattori N, Wu HM, Huang SC, Martin NA, et al.
Metabolic crisis without brain ischemia is common after traumatic brain
injury: a combined microdialysis and positron emission tomography
study. ] Cereb Blood Flow Metab (2005) 25(6):763-74. doi:10.1038/
$j.jcbfm.9600073

23. Jacobsen A, Nielsen TH, Nilsson O, Schalen W, Nordstrom CH. Bedside diag-
nosis of mitochondrial dysfunction in aneurysmal subarachnoid hemorrhage.
Acta Neurol Scand (2014) 130(3):156-63. doi:10.1111/ane.12258

24. Sahuquillo J, Merino MA, Sanchez-Guerrero A, Arikan F, Vidal-Jorge M,
Martinez-Valverde T, et al. Lactate and the lactate-to-pyruvate molar ratio
cannot be used as independent biomarkers for monitoring brain energetic
metabolism: a microdialysis study in patients with traumatic brain injuries.
PLoS One (2014) 9(7):e102540. doi:10.1371/journal.pone.0102540

25. Dienel GA, Rothman DL, Nordstrom CH. Microdialysate concentration
changes do not provide sufficient information to evaluate metabolic effects of
lactate supplementation in brain-injured patients. ] Cereb Blood Flow Metab
(2016) 36(11):1844-64. doi:10.1177/0271678X16666552

26. Rostami E, Engquist H, Howells T, Johnson U, Ronne-Engstrom E, Nilsson P,
et al. Early low cerebral blood flow and high cerebral lactate: prediction of
delayed cerebral ischemia in subarachnoid hemorrhage. J Neurosurg (2017)
1-9. d0i:10.3171/2016.11.JNS161140

27. Yonas H, Darby JM, Marks EC, Durham SR, Maxwell C. CBF measured by
Xe-CT: approach to analysis and normal values. J Cereb Blood Flow Metab
(1991) 11(5):716-25. doi:10.1038/jcbfm.1991.128

28. Obrist WD, Langfitt TW, Jaggi JL, Cruz J, Gennarelli TA. Cerebral blood flow
and metabolism in comatose patients with acute head injury. Relationship
to intracranial hypertension. ] Neurosurg (1984) 61(2):241-53. doi:10.3171/
jns.1984.61.2.0241

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2017 Rostami, Engquist, Howells, Ronne-Engstrom, Nilsson, Hillered,
Lewén and Enblad. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or reproduc-
tion in other forums is permitted, provided the original author(s) or licensor are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org

August 2017 | Volume 8 | Article 369


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1161/STROKEAHA.111.639906
https://doi.org/10.1161/STROKEAHA.111.639906
https://doi.org/10.2174/1381612043384105
https://doi.org/10.1097/01.ccx.0000216576.11439.df
https://doi.org/10.1097/01.ccx.0000216576.11439.df
https://doi.org/10.1161/01.STR.16.4.562
https://doi.org/10.1007/s00134-015-3930-y
https://doi.org/10.3389/fneur.2014.00089
https://doi.org/10.1097/ANA.0000000000000395
https://doi.org/10.1007/s12028-016-0240-3
https://doi.org/10.1097/00004647-199607000-00014
https://doi.org/10.1161/01.STR.0000116101.66624.F1
https://doi.org/10.1161/01.STR.0000116101.66624.F1
https://doi.org/10.1227/01.NEU.0000298898.38979.E3
https://doi.org/10.1227/01.NEU.0000298898.38979.E3
https://doi.org/10.1007/BF02464626
https://doi.org/10.1016/S0140-6736(07)60153-6
https://doi.org/10.1016/S0140-6736(84)91856-7
https://doi.org/10.1007/BF00328177
https://doi.org/10.1007/BF00328177
https://doi.org/10.3171/jns.2001.94.3.0397
https://doi.org/10.1016/S0150-9861(05)83168-2
https://doi.org/10.1089/neu.2010.1656
https://doi.org/10.1161/STROKEAHA.111.648568
https://doi.org/10.1007/s00701-002-1011-9
https://doi.org/10.1038/sj.jcbfm.9600073
https://doi.org/10.1038/sj.jcbfm.9600073
https://doi.org/10.1111/ane.12258
https://doi.org/10.1371/journal.pone.0102540
https://doi.org/10.1177/0271678X16666552
https://doi.org/10.3171/2016.11.JNS161140
https://doi.org/10.1038/jcbfm.1991.128
https://doi.org/10.3171/jns.1984.61.2.0241
https://doi.org/10.3171/jns.1984.61.2.0241
http://creativecommons.org/licenses/by/4.0/

	The Correlation between Cerebral Blood Flow Measured by Bedside Xenon-CT and Brain Chemistry Monitored by Microdialysis in the Acute Phase following Subarachnoid Hemorrhage
	Introduction
	Materials and Methods
	Study Population and Study Design
	Neurointensive Care
	CBF Measurements
	Cerebral MD
	Statistical Analysis
	Ethics

	Results
	Demography and Clinical Data
	CBF Measurements
	MD Results
	CBF and MD Correlation

	Discussion
	Ethics Statement
	Author Contributions
	References


