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Bedside microdialysis 
for detection of early brain injury 
after out‑of‑hospital cardiac arrest
Simon Mölström1*, Troels Halfeld Nielsen2, Carl H. Nordström2, Axel Forsse2, 
Sören Möller3,4, Sören Venö1, Dmitry Mamaev1, Tomas Tencer1, Henrik Schmidt1 & Palle Toft1

Bedside detection and early treatment of lasting cerebral ischemia may improve outcome after out‑
of‑hospital cardiac arrest (OHCA). This feasibility study explores the possibilities to use microdialysis 
(MD) for continuous monitoring of cerebral energy metabolism by analyzing the draining cerebral 
venous blood. Eighteen comatose patients were continuously monitored with jugular bulb and radial 
artery (reference) MD following resuscitation. Median time from cardiac arrest to MD was 300 min (IQR 
230–390) with median monitoring time 60 h (IQR 40–81). The lactate/pyruvate ratio in cerebral venous 
blood was increased during the first 20 h after OHCA, and significant differences in time‑averaged 
mean MD metabolites between jugular venous and artery measurements, were documented (p < 0.02). 
In patients with unfavorable outcome (72%), cerebral venous lactate and pyruvate levels remained 
elevated during the study period. In conclusion, the study indicates that jugular bulb microdialysis 
(JBM) is feasible and safe. Biochemical signs of lasting ischemia and mitochondrial dysfunction are 
frequent and associated with unfavorable outcome. The technique may be used in comatose OHCA 
patients to monitor biochemical variables reflecting ongoing brain damage and support individualized 
treatment early after resuscitation.

Survival rates around 50% are reported in comatose patients treated with hypothermia in an Intensive Care 
Unit (ICU) after out-of-hospital cardiac arrest (OHCA)1–3. The ICU mortality is essentially due to the primary 
hypoxic-ischemic cerebral insult followed by secondary brain injury, including delayed cerebral hypoperfu-
sion and impaired microcirculation as well as ischemia–reperfusion  injury4,5. Secondary injury is a significant 
determinant of neurologic outcome, and alleviating its deleterious effects is a mainstay of post-cardiac arrest 
 management6. However, our knowledge regarding cerebral pathophysiological and biochemical events in the 
initial period after restored circulation are limited and there is a need of bedside monitoring methods to identify 
potentially injurious  processes7.

Microdialysis is an established technique for monitoring regional cerebral energy metabolism during neu-
rocritical  care7. Under non-neurosurgical conditions, it is problematic to insert an intracerebral catheter and 
a limited number of patients have been studied following resuscitation after cardiac  arrest8–10. Supported by 
previous experimental animal studies, our group has recently shown that jugular bulb microdialysis (JBM) is 
representative of overall cerebral energy metabolism and may be used during cardiac surgery and extracorpor-
eal  oxygenation11–13. This feasibility study was designed to investigate whether bedside JBM reflects secondary 
brain injury after OHCA, and may be implemented as a clinical tool with implications for early prognosis and 
individualized treatment improving patient outcome. Therefore, we tested the hypothesis of whether the lactate/
pyruvate (LP) ratio monitored in the cerebral venous outflow changed over time, reflecting cerebral metabolism 
after cardiac arrest, and hence was different from corresponding LP ratio observed in arterial blood.

The primary objective was to compare time-averaged means of microdialysis parameters (intervals of 12 h) of 
the jugular venous and the arterial blood during post-resuscitation care. Secondary objectives of clinical interest 
were to compare (1) neuro-metabolic patterns between patients with unfavorable and favorable neurological 
outcome (2) total duration of cerebral desaturation and clinical outcome.
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Methods
Trial design. This single-center prospective feasibility study enrolled patients at Odense University Hospital, 
Denmark, from May 2018 to October 2019. The Danish Regional Committee on Health and Research Ethics and 
Danish Data Protection Agency approved the study under Project Number: S-20130166. In addition, the trial 
was registered at ClinicalTrials.gov, identifier: NCT03095742 (17/03/2017).

Patients. Patients with sustained return of spontaneous circulation (ROSC) after OHCA were eligible for 
inclusion if complying with the following criteria: age ≥ 18 years, OHCA of presumed cardiac cause, score ≤ 8 
on the Glasgow Coma Scale (GCS). Exclusion criteria were: unwitnessed asystole, cardiogenic shock with use 
of cardiac assist devices, suspected or confirmed ischemic stroke, intracranial bleeding, and known limitations 
in therapy. The prehospital study dataset complied with the Utstein  definitions14. In accordance with national 
requirements and the principles of the Declaration of Helsinki, informed consent was obtained from next of kin.

Post‑resuscitation procedure. Eighteen unconscious patients with sustained ROSC were admitted to the 
cardiac intensive care unit following OHCA. JBM and near-infrared spectroscopy monitoring were the sole mod-
ifications from international clinical treatment guidelines for comatose OHCA  patients15. Immediate angiogra-
phy and percutaneous coronary intervention (PCI), when indicated, was performed in all resuscitated patients. 
Targeted temperature management (TTM) was commenced at the time of ICU admission targeting 36.0 °C for 
24 h followed by controlled rewarming at a rate of 0.5 °C/h. A mean arterial pressure (MAP) > 65 mmHg was 
targeted. Mechanical ventilation was adjusted to achieve normocapnia  (PaCO2 of 4.5–6.0 kPa) and oxygenation 
was maintained in the range of 13–14 kPa. Blood-glucose level was strictly maintained between 6 and 10 mmol/l.

Neuromonitoring. JBM was initiated after ICU admission and continued for 96 h or until arousal utiliz-
ing identical techniques as in previous  publications13,16. Intravenous MD catheters (CMA 67 IV, MDialysis AB, 
Stockholm, Sweden) were inserted in one jugular vein and one peripheral artery. The dominant jugular vein was 
accessed by retrograde insertion of a MD catheter (130 mm), through a 16 G intravenous catheter, with the tip 
placed in the jugular bulb under ultrasound guidance. The optimal positioning of the MD catheter tip corre-
sponds to the anatomical landmark at level of mastoid. In accordance with previous studies, the correct position-
ing of the jugular bulb catheter tip was confirmed on cranial computed tomography (CT) scan (Supplementary 
information Figs. 1 and 2).

The catheters were perfused from a MD pump (CMA 106, MDialysis AB, Stockholm, Sweden) MD at a flow-
rate of 0.3 μL/min with Ringers Acetate and dalteparin sodium (25 IU/mL). Samples of energy-related metabolites 
(lactate, pyruvate, glucose, glutamate, glycerol), were collected by the hour in microvials and analyzed utilizing 
enzymatic photometric techniques (Iscus, MDialysis AB, Stockholm, Sweden). With this perfusion rate the rela-
tive recovery has in cerebral tissue, been shown to be about 70% for the variables studied. When placed in a fluid 
(arterial or venous blood), the relative recovery is expected to be considerably higher. In the present study, the 
accuracy of the MD catheter was evaluated by studying the correlation and agreement between systemic blood 
lactate  (Lacsys) and MD arterial lactate  (LacMD-Art).

Bilateral regional cerebral oxygen saturation  (rSO2) was monitored continuously every hour for 96 h or until 
arousal (Somanetics INVOS Cerebral Oximeter system) with a pre-defined desaturation threshold of 50%17. The 
clinicians did not change routine clinical practice based on either bedside  rSO2 or JBM monitoring. Routine 
intermittent electroencephalography (EEG) was performed after rewarming in patients who were still comatose.

JBM reference values and classification of ischemia. The definition of normal levels of the studied 
variables (lactate, pyruvate, glucose, glycerol, glutamate) in human jugular vein blood was based on JBM refer-
ence values obtained in anesthetized patients undergoing elective cardiac bypass surgery, indicated in Figs. 1 
and 213. Preoperative metabolite concentrations may approximate normal values relevant for an OHCA popu-
lation. We proposed the following pathological thresholds for JBM at 0.3 µL/min with cutoff values for JBM 
(mean ± 2SD). Biochemical definitions of ischemia and mitochondrial dysfunction were based on principles 
obtained from intracerebral  microdialysis18,19. In the present study LP ratio > 16 at pyruvate < 70 µM was classi-
fied as ischemia, and a pattern with LP ratio > 16 at pyruvate > 70 µM was classified as mitochondrial dysfunc-
tion.

Neurologic prognostication. Active treatment continued until 72  h after TTM, with the exception of 
patients with brain death, status myoclonus or refractory shock with multiple organ dysfunctions. Patients who 
remained unconscious despite cessation of sedation were assessed with a combination of neurologic examina-
tion, EEG, somatosensory-evoked potential (SSEP) and CT of the brain. EEGs were classified into highly malig-
nant if following patterns were present: suppression, suppression with periodic discharges, burst-suppression20. 
The clinicians performing the neurological prognostication were blinded to microdialysis variables. Decisions 
to withdraw life-supporting therapy were made by a multidisciplinary team according to protocol recommenda-
tions and local practice (“Supplemental information”).

Follow‑up and outcome. Neurological outcome was assessed at hospital discharge according to the Cer-
ebral Performance Category (CPC)  scale21,22: CPC 1—no neurological deficit; CPC 2—mild to moderate dys-
function; CPC 3—severe dysfunction; CPC 4—coma; and CPC 5—death. CPC scores of 1 and 2 are considered 
as ‘favorable’ outcomes and a CPC 3–5 ‘unfavorable’ outcomes.
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Statistical methods. Statistical analysis was performed using Stata V.16 (StataCorp. 2019. Stata Statistical 
Software: Release 16. College Station, TX: StataCorp LLC). For patient characteristics, results were expressed 
as counts and proportions, median with IQR or mean ± SD, as appropriate. Unpaired t-tests or Mann–Whit-
ney U-tests were applied for unpaired comparisons of numerical variables. Chi-square or Fischer’s exact test 
was applied to examine differences between categorical variables. Dynamic changes of MD variables were ana-
lyzed by longitudinal data analysis, using linear mixed models. Repeated measurements of MD variables on 
the same patient over time were taken into account by including a random intercept for each patient. Missing 
values, assumed to be missing at random, were handled by the mixed model fitting procedure. As this study was 
intended as a feasibility study, we decided not to correct for multiple testing. Associations between MD variables, 
ischemic periods, duration of cerebral desaturation, and neurological outcome were assessed with chi-square-
test and logistic regression. Statistical comparison of secondary episodes of ischemia and cerebral desaturation 
between outcome groups was performed by utilizing the non-parametric Mann–Whitney U-test, and associa-
tions between peak values of MD variables and outcome groups were investigated by applying t-test. A p-value 
< 0.05 was considered as statistically significant.

Results
Patients. Eighteen unconscious patients with sustained ROSC, admitted to the intensive care unit follow-
ing OHCA, were included in the study. The two outcome groups had similar baseline characteristics (Table 1).

Figure 1.  Median (IQR). Microdialysis parameters of the jugular venous and arterial blood during post-
resuscitation care in patients with unfavorable outcome (n = 13). The difference between time-averaged means 
(in intervals of 12 h) of LP ratio, lactate, pyruvate, glycerol and glutamate of the jugular venous and the arterial 
blood was significant during post-resuscitation care (*p < 0.02) when using mixed effects models. Normal 
reference values are displayed (shaded area) in the graphs for each JBM variable.
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ICU. The median ICU length of stay (LOS) for outcome groups CPC 1–2 and CPC 3–5 were 72 [67–87] and 
95 [72–144] h, respectively, and related sedation time for the groups was 25 [24–26] and 34 [26–44] h. The two 
outcome groups had similar hemodynamic and metabolic characteristics at ICU admission. During ICU stay, 
there were no overall difference in MAP (p > 0.45, when using mixed effects models), despite a significant dif-
ference in total norepinephrine use between outcome groups (p = 0.03) (Table 2). Additional main regulators of 
cerebral blood flow remained stable and within normal therapeutic range during ICU stay with no difference 
in CI,  PaO2 and  PaCO2 at any time points between outcome groups. Comprehensive results for neurological 
prognostication are displayed in Table 2.

Outcome. At hospital discharge a favorable outcome was observed in 28% patients, while 72% had an unfa-
vorable outcome. Overall mortality during hospital stay was 61% due to primarily severe anoxic brain injury and 
withdrawal of life sustaining therapy. For detailed outcomes results, see Table 1 in “Supplementary information”.

Comparison of biochemical variables monitored in arterial and jugular venous blood. JBM 
was initiated within approximately 4–6 h from ROSC in both outcome groups. Median monitoring times were 
40 h (IQR 36–41) for CPC 1–2 and 72 h (IQR 49–91) for CPC 3–5. CT scans documented a correct positioning 
of JBM catheters in all patients. There were no observed complications related to the MD technique, and only a 
few MD artery catheters were associated with temporary malfunction due to clotting.

Figure 2.  Median (IQR). Jugular bulb microdialysis parameters during post-resuscitation care in patients with 
unfavorable outcome (CPC 3–5, n = 13) compared to patients with favorable outcome (CPC 1–2, n = 5). The 
difference between time-averaged means (intervals of 12 h) of LP ratio, lactate, pyruvate, glycerol, glutamate and 
glucose between outcome groups, was not significant during post-resuscitation care when using mixed effects 
models. Normal reference values are displayed (shaded area) in the graphs for each JBM variable.
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Figure 1 compares the changes over time in arterial and jugular blood for patients in the CPC 3–5 group 
regarding the biochemical variables (lactate, pyruvate, glycerol, glutamate, glucose), and the calculated LP ratio. 
The difference between time-averaged means of LP ratio, lactate, pyruvate, glycerol and glutamate were significant 
(p < 0.02) during the periods indicated in Fig. 1. JBM showed significantly elevated levels of glycerol compared to 
systemic MD in the first 50 h after ROSC (Fig. 1). In the late post-resuscitation period JBM, glutamate concentra-
tion was significantly higher than the arterial level (Fig. 1). Detailed results are given in Table 3.

In patients with favorable outcome, differences between time-averaged mean JBM variables and correspond-
ing systemic values were statistically non-significant, except for glycerol (Table 2, “Supplementary information”).

Cerebral metabolic patterns in outcome groups. The LP ratio in jugular blood remained elevated 
(> 16) during the first 20 h in both groups of patients (Fig. 2). After 20 h, an almost complete normalization of the 
LP ratio was observed. However, the cerebral level of lactate remained high in the CPC 3–5 group (mean level 
> 2.7 mM), and was paralleled by a marked increase in pyruvate. Based on the biochemical definitions above six 
patients with unfavorable outcome exhibited ongoing secondary ischemia during altogether 45 h (20%) of the 
first 24 h of MD monitoring. In the favorable group, three patients displayed a pattern of ischemia during alto-
gether 13 h (13%) (Table 2). During this period, biochemical signs of mitochondrial dysfunction was noticed in 
46% and 38% of the time in patients with unfavorable outcome (n = 13) and favorable outcome (n = 5) (Table 2), 
respectively. No significant difference between the outcome groups related to the extent of ischemia (p = 0.92) 
and mitochondrial dysfunction (p = 0.46) where observed, when applying mixed effects logistic regression.

Table 1.  Baseline characteristics according to neurological outcome at hospital discharge. Plus–minus values 
are means ± SD. CPC cerebral performance category, AMI acute myocardial infarction, CPR cardiopulmonary 
resuscitation, IQR interquartile range. a CPC score: 1, alert, able to work and lead a normal life; 2, moderate 
cerebral disability and sufficient cerebral function for part-time work; severe cerebral disability, dependent 
on others, and impaired brain function; 4, coma and vegetative state; 5, dead or certified brain dead. b Scores 
on the Glasgow Coma Scale range from 3 to 15, with lower scores indicating reduced levels of consciousness. 
c Circulatory shock was defined as a systolic blood pressure of less than 90 mmHg for more than 30 min.

Characteristic
Favorable outcome group (CPC 1–2)
N = 5

Unfavorable outcome group (CPC 3–5)
N = 13

Demographic characteristics

Age (years) 56 ± 11 69 ± 11

Male sex—no. (%) 3 (60) 7 (58)

Medical history—no. (%)

Chronic heart failure 2 (40) 3 (23)

Ischemic heart disease 3 (60) 3 (23)

Arterial hypertension 2 (40) 7 (54)

Previous stroke 1 (20) 2 (17)

Diabetes mellitus 1 (20) 4 (31)

Previous percutaneous coronary intervention 3 (60) 2 (15)

Neurological function before cardiac arrest

Normal, CPC score  1a 4 (80) 13 (100)

Some disability, CPC score 2 1 (20) 0 (0)

Characteristics of the cardiac arrest

Witnessed cardiac arrest—no. (%) 5 (100) 12 (92)

Bystander performed CPR—no. (%) 5 (100) 11 (85)

First monitored rhythm—no. (%)

 Shockable rhythm 5 (100) 9 (69)

Time from cardiac arrest to event (min)

 Start of basic life support, median (IQR) 2 [1, 2] 5 [1–8]

 Start of advanced life support, median (IQR) 8 [8–15] 10 [8–14]

 Return of spontaneous circulation, median (IQR) 20 [15–36] 22 [19–35]

Clinical characteristics on admission

First measured body temperature (°C) 35.2 ± 0.8 35.4 ± 1.3

Glascow Coma Scale  scoreb, median (IQR) 3 [3–3] 3 [3–3]

Pupillary reflex present—no. (%) 2 (40) 4 (31)

Serum pH 7.25 ± 0.05 7.18 ± 0.13

Serum lactate (mmol/l) 6.0 ± 3.1 7.4 ± 3.8

Circulatory shock—no. (%)c 2 (40) 6 (46)

ST-segment elevation myocardial infarction—no. (%) 3 (60) 6 (46)
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Table 2.  Post-resuscitation care data. Plus-minus values are means ± SD. Bold text indicates a statistically 
significant difference with a p-value less than 0.05. N number of patients, MAP mean arterial pressure, CI 
cardiac index, INVOS in-vivo optical spectroscopy (regional oxygen saturation), OHCA out-of-hospital 
cardiac arrest, CT computed tomography, SSEP somatosensory-evoked potentials, EEG electroencephalogram, 
MD microdialysis. a Cerebral desaturation defined as  rSO2 < 50%. b EEG, highly malignant pattern defined as 
suppressed background without discharges, suppressed background with continuous periodic discharges; 
burst-suppression. c Microdialysis verified ischemia defined as LPR > 16 and pyruvate < 70 µmol/l. Percentage 
(%) of total MD monitoring during the first 24 ICU hours. d Microdialysis verified mitochondrial dysfunction 
defined as LPR > 16 and pyruvate > 70 µmol/l. Percentage (%) of total MD monitoring time during the first 24 
ICU hours.

ICU monitoring
Favorable outcome group (CPC 1–2)
N = 5

Unfavorable outcome group (CPC 3–5)
N = 13

Hemodynamics

MAP (mmHg)

 Day 1 74 ± 8 71 ± 7

 Day 2 76 ± 12 74 ± 10

 Day 3 81 ± 11 75 ± 10

CI (l/min/m2)

 Day 1 2.1 ± 0.4 2.2 ± 0.5

 Day 2 2.9 ± 0.7 3.0 ± 0.7

 Day 3 3.5 ± 0.3 3.1 ± 0.6

Average serum lactate (mmol/l)

 Day 1 1.7 ± 1.2 2.5 ± 2.3

 Day 2 1.3 ± 0.6 1.6 ± 0.7

 Day 3 0.9 ± 0.2 1.5 ± 0.7

Total vasopressor dose during ICU stay, median (IQR)

 Norepinephrine (mg) 7.9 [2.8–10.2] 23.5 [15.8–28.1]

 Dopamine (mg) 277 [226–319] 575 [246–629]

Respiratory

PaO2 (kPa)

 Day 1 15.5 ± 5.0 14.7 ± 4.1

 Day 2 12.2 ± 3.9 12.8 ± 2.6

 Day 3 11.0 ± 2.2 12.3 ± 2.1

PaCo2 (kPa)

 Day 1 5.6 ± 0.7 5.6 ± 1.1

 Day 2 5.5 ± 0.9 5.2 ± 0.9

 Day 3 5.2 ± 1.0 5.2 ± 0.8

Cerebral

Mean INVOS—(rSO2%)

 Day 1 65 ± 9 68 ± 8

 Day 2 74 ± 8 72 ± 7

 Day 3 – 68 ± 9

 Cerebral desaturation—% of total INVOS 
 monitoringa 1.0% (n = 2) 0.6% (n = 2)

Prognostication

Prognostication—no./total no. (%) 1/5 (20%) 9/12 (75%)

Time from OHCA to prognostication (h) 41 [41–41] 80 [75–94]

Myoclonic seizures—no./total no. (%) 1/5 (20%) 8/13 (62%)

CT, generalized edema—no./total no. (%) 0/5 (0%) 7/12 (58%)

EEG, highly malignant pattern—no./total no. (%)b 0/5 (0%) 7/12 (58%)

SSEP, bilaterally absent N20-respons—no./total no. 
(%) 0/5 (0%) 2/4 (50%)

Jugular bulb microdialysis

Time from ROSC to microdialysis measurement 
(min) 310 [255–365] 300 [230–400]

Microdialysis time (hours) 40 [36–41] 72 [49–91]

Metabolic pattern < 24 ICU hours after ROSC

Ischemiac 13% (13 h) n = 3 20% (45 h) n = 6

Mitochondrial  dysfunctiond 38% (36 h) n = 5 46% (110 h) n = 13
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JBM variables in relation to critical clinical episodes. JBM levels in patients with myoclonic seizures 
(n = 9) were not significantly different from other patients, except for slightly lesser lactate levels during the first 
12 h (p = 0.012). EEG-verified epileptiform activity was only registered in three patients with unfavorable out-
comes, without difference in JBM levels. Regression analysis showed a significant negative correlation between 
MAP and corresponding jugular bulb lactate in patients with poor outcomes. For a one-unit increase in MAP 
(mmHg), cerebral lactate changed by − 0.011 mM (p = 0.005). However, no extreme JBM variables were seen 
during hypotensive periods. For the entire cohort, hypotensive periods with critical MAP < 60  mmHg were 
observed for only 23 h (1.9%) during ICU stay. Thus, analysis of hypotensive periods did not result in significant 
JBM correlations.

Association between JBM and neurological outcome. The time course for changes in all measured 
biochemical variables are illustrated for outcome groups CPC 1–2 and CPC 3–5 in Fig. 2. No significant differ-
ence between time-averaged means of JBM variables during post-resuscitation care was obtained (p > 0.1). How-
ever, there was a clear tendency towards systematic negative coefficients in JBM variables when comparing CPC 
1–2 to the CPC 3–5 group. In patients with unfavorable outcome, cerebral venous lactate remained high with 
mean and peak venous lactate level > 2.7 mM and 6.6 mM, respectively. The increased lactate level was paralleled 
by a marked and lasting increase in pyruvate (mean and peak values above 137 µM and 268 µM, respectively). 
The latter correlated significantly to unfavorable outcome (p = 0.02).

Regional cerebral desaturation. Two patients in each CPC group showed minimal transient signs of cer-
ebral desaturation with  rSO2 < 50% in 1.0% (CPC 1–2) and 0.6% (CPC 3–5) of total INVOS monitoring period 
(Fig. 3, Table 2). No differences in  rSO2 between outcome groups were observed at any time point, using mixed 
effects models for statistical evaluation (Fig. 3). There was no correlation between JBM-verified ischemic periods 
and cerebral desaturation.

Correlation between systemic blood lactate and MD arterial lactate. The correlation and agree-
ment between systemic blood lactate  (Lacsys) and MD arterial lactate  (LacMD-Art) was calculated to evaluate the 
accuracy of the MD technique. A highly significant correlation with r = 0.73 and coefficient at 0.82 [0.75–0.89] 
(p < 0.0001) was obtained. Bland–Altman statistics showed an average bias for  Lacsys of 0.18 mM higher than 
 LacMD-Art with the 95% limits of agreement ranging from − 0.75 to 1.11 (Fig. 3A, “Supplementary information”).

Table 3.  Time-averaged mean MD variables obtained in jugular bulb compared to artery in patients with 
unfavorable outcome. Data are expressed as median (interquartile range). LP ratio: lactate/pyruvate ratio. 
Difference between time-averaged means of MD variables (in intervals of 12 h) of the jugular bulb and the 
arterial blood was assessed using mixed effects models. Hourly samples were analyzed separately, and total 
samples were averaged for intervals of 12 h. p < 0.05 is highlighted with bold.

Time from ROSC (h)

LP ratio Lactate (mM) Pyruvate (µM)

Jugular bulb Artery Jugular bulb Artery Jugular bulb Artery

12 25 [18–40] 24 [16–32] 2.6 [2.0–3.8] 2.1 [1.3–3.1] 114 [56–165] 89 [60–173]

24 17 [14–21] 19 [15–29] 1.8 [1.4–2.8] 1.9 [1.3–2.8] 113 [87–139] 97 [50–121]

36 14 [12–19] 21 [14–29] 1.8 [1.3–2.6] 1.6 [1.2–2.5] 120 [100–145] 88 [53–115]

48 14 [12–15] 17 [14–22] 1.7 [1.4–2.4] 1.6 [1.3–2.2] 126 [100–164] 99 [66–148]

60 15 [12–17] 17 [14–20] 1.6 [1.3–2.4] 1.4 [1.1–1.9] 123 [92–173] 73 [62–127]

72 15 [12–17] 18 [15–22] 1.5 [1.3–2.2] 1.4 [1.1–1.8] 112 [95–142] 71 [52–118]

84 16 [14–18] 17 [15–20] 1.7 [1.4–2.5] 1.3 [1.0–1.7] 113 [80–160] 71 [52–123]

96 15 [13–17] 16 [15–18] 1.8 [1.7–2.1] 0.6 [0.5–1.7] 131 [116–135] 34 [30–108]

Time from ROSC (h)

Glucose (mM) Glycerol (µM) Glutamate (µM)

Jugular Bulb Artery Jugular Bulb Artery Jugular Bulb Artery

12 7.2 [5.8–9.7] 8.1 [6.4–9.4] 186 [118–279] 157 [95–230] 58 [43–97] 63 [37–103]

24 6.5 [5.4–7.8] 6.6 [5.8–7.9] 220 [142–258] 131 [90–178] 52 [38–63] 48 [30–70]

36 6.6 [5.8–8.1] 6.1 [5.1–7.4] 165 [132–219] 115 [88–159] 47 [33–71] 50 [23–69]

48 7.6 [6.0–9.1] 7.4 [5.6–8.7] 108 [77–143] 88 [68–126] 53 [25–71] 33 [17–71]

60 7.9 [6.5–9.0] 7.3 [5.9–9.3] 81 [61–102] 69 [50–93] 56 [24–71] 29 [19–76]

72 7.8 [6.2–8.8] 8.3 [6.1–9.6] 70 [55–96] 72 [46–117] 54 [28–66] 27 [18–70]

84 7.8 [6.6–9.4] 7.8 [6.1–8.7] 65 [53–91] 87 [62–134] 60 [55–66] 54 [21–70]

96 8.3 [7.2–8.7] 8.3 [8.1–10.5] 69 [51–76] 160 [36–168] 60 [51–86] 80 [12–87]
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Discussion
Contrasting to previous studies utilizing JBM cardiac arrest causes complete ischemia and compromised energy 
metabolism in all body  tissues13,16. To document that the biochemical variables measured in cerebral venous 
blood after ROSC reflected their intracerebral levels, MD catheters were placed in a peripheral artery for systemic 
reference, as well as in the jugular bulb.

As shown in Fig. 1 the concentrations of glycerol, lactate and pyruvate were significantly higher in jugular than 
in arterial blood during most of the studied period supporting the hypothesis that JBM may be used to monitor 
cerebral energy metabolism after OHCA. However, JBM-detection of isolated cerebral metabolic perturbation 
is dependent on a certain degree of brain injury, as shown in patients with poor outcome.

Further, a strong correlation between intracerebral MD lactate and JBM lactate measurements, was described 
in patients suffering from aneurismal subarachnoid  hemorrhage16. However, the measured levels of the vari-
ables do not represent their true interstitial concentrations: transport limitation across the blood–brain barrier 
(BBB), relative recovery of the microdialysis membrane and estimated imprecision (approximately 3–7%) of the 
analytical techniques all contribute to this  fact23. A strong correlation between systemic blood lactate and MD 
arterial lactate was obtained. In future JBM studies, systemic lactate may replace invasive MD arterial lactate 
monitoring as a reference.

Under normal conditions, the arteriovenous difference for glucose is approximately 0.5 mM. This small dif-
ference would not be quantitatively confirmed by the present microdialysis and analytical techniques explaining 
the absence of difference between arterial and venous glucose concentrations (Fig. 1, Table 3)23.

Glycerol concentration in adipose tissue and blood increases markedly during stress and decreases in the post-
stress  period24. In the present CPC 3–5 group, a slight increase of arterial glycerol level was observed initially but 
during most of the studied period glycerol was within normal range (Fig. 1). In venous jugular blood, glycerol 
levels were significantly higher than in arterial blood during the period 0–48 h (Fig. 1, Table 3). An increase 
in intracerebral glycerol concentration is a marker of degradation of phospholipids in cellular membranes, but 
the BBB permeability for glycerol is  limited25. Accordingly, the significant increase of glycerol in jugular venous 
blood is interpreted as reflecting degradation of cerebral cellular membranes possibly in combination with an 
increased BBB permeability.

The intact BBB has a limited permeability for glutamate. Normal glutamate concentration in blood has been 
reported to be 30–80 µM at a cerebral interstitial concentration of < 1 µM26. In the present study, median jugular 
venous glutamate level was within normal range during the study period (Fig. 1).

A sudden, complete interruption of CBF is instantaneously reflected in a shift in cytoplasmic redox state 
and a marked increase in cerebral LP  ratio27. Within a few minutes, variables reflecting cerebral energy state are 
completely  depleted27. If CBF is adequately restored, reperfusion after 30 min of global cerebral ischemia, results 
in an almost complete normalization of cerebral LP ratio within 90  min28. However, the level of lactate remains 
high and is paralleled by a marked increase in  pyruvate28. Transient cerebral ischemia is known to cause mito-
chondrial dysfunction and persistently altered mitochondrial function has been documented after apparently 
successful resuscitation in experimental cardiac  arrest29–31.

For practical reasons it was not possible to obtain biochemical MD data until approximately 4–7 h after ROSC 
(Table 2). In spite of this delay, cerebral ischemia was diagnosed in altogether nine patients during the initial 
24 h of MD. The observation contrasts to experiences in experimental studies presented above. In these studies, 
biochemical signs of remaining ischemia were not observed 90 min after  recirculation28,32. The finding reveals 
that under clinical conditions prolonged periods of impaired cerebral perfusion are frequent after ROSC. Cer-
ebral reperfusion after OHCA is complex and there is a lack of data regarding the first hours after  ROSC33. The 

Figure 3.  Median (IQR). Regional cerebral oxygen saturation  (rSO2) during post-resuscitation care in patients 
with favorable (CPC 1–2) and unfavorable (CPC 3–5) outcome. No significant (ns) differences between outcome 
groups were observed. The dotted red line indicates cerebral desaturation threshold  rSO2 < 50%.
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pattern of ischemia and compromised energy metabolism would probably have been even more pronounced if 
earlier monitoring were possible.  rSO2 is thought to reflect CBF, and a recent study found a moderate correlation 
between  rSO2 and cerebral perfusion  pressure34. The notion that delayed cerebral hypoperfusion is important dur-
ing the first hours after ROSC was recently supported in a study measuring cerebral  oxygenation35. In accordance 
with other studies, no significant difference in  rSO2 between outcome groups was  observed36. The JBM detection 
of ongoing secondary brain ischemia may potentially aid clinicians in providing individualized brain resuscita-
tion strategies that prevent secondary brain injury and lead to improved survival and neurological outcomes 
after cardiac arrest, e.g. increasing blood pressure, optimizing cardiac output and modifying  PaO2 and  PaCO2.

Increased levels of lactate and pyruvate were observed during the entire monitoring period in the CPC 
3–5 group and was more pronounced than in the CPC 1–2 group (Fig. 2). The interpretation of mitochondrial 
dysfunction, is supported by the study by Zhang et al. describing significant increases in [18F]-FDG uptake in 
the brain of post-CA  animals37. The discrepancy between the two groups indicates that energy metabolism was 
initially more compromised in CPC group 3–5 (Fig. 2, Table 2).

However, the biochemical pattern interpreted as mitochondrial dysfunction does not necessarily prove mal-
functioning mitochondria. A similar metabolic pattern is observed when cerebral energy requirements exceed 
mitochondrial capacity for oxidative metabolism (e.g., severe epileptic seizures; c.f. myoclonic seizures Table 2) 
and in hypoxic  hypoxia38,39. In this study, JBM levels in patients with myoclonic seizures were not significantly 
different from other patients. Myoclonus can indicate irreversible brain damage or a benign clinical finding 
not related to poor outcome. Nonetheless, myoclonic seizures did not seem to affect global oxidative cerebral 
metabolism. Interestingly, an elevation in the jugular venous bulb oxygen tension-brain oxygen tension gradient 
was recently described after  ROSC40. This elevation was not modulated by changes in cerebral perfusion pressure, 
which indicates a diffusion limitation of oxygen delivery. Accordingly, there might be various ways of treating 
the pattern of mitochondrial dysfunction observed after ROSC.

The parallel increase in lactate and pyruvate at an unchanged LP ratio observed in the CPC 1–2 group during 
the time periods 28–40 h and after 48 h reflects the biochemical pattern during increased cerebral metabolic 
rate induced by reduced sedation, arousal, and stress  reaction19,41. These fluctuations in lactate and pyruvate are 
expected in the awakening brain and decrease the possibility of obtaining a statistically significant difference 
between the two outcome groups.

Limitations
The number of patients in this feasibility study was limited and the clinical value of the technique should be 
evaluated in a larger study. The study population consisted of OHCA patients exclusively with presumed cardiac 
cause due to the clinical setup in our department. During the first 12 h the systemic lactate was statically higher 
in the CPC 3–5 group compared to the CPC group 1–2 (p = 0.042) which could affect the differences in elevated 
JBM lactate in patients with poor outcome. In the present clinical situation, global brain ischemia would be 
expected and lateralization in cerebral venous drainage affecting jugular bulb sampling is probably of limited 
importance. The normal range of the biochemical variables measured, and classification of neuro-metabolic 
patterns, are based on minor patient material. Outcome assessors were not blinded to JBM data increasing the 
risk of bias. Studies comparing JBM verified ischemia/mitochondrial dysfunction to other global measures of 
cerebral metabolism/ischemia, e.g., positron emission tomography (PET-CT), are warranted. Combined JBM and 
CBF measurements (e.g. brain 15O-H2O-PET CT or Xenon-enhanced CT) might provide additional insights in 
the dynamic pathogenic mechanism related to secondary brain injury described in the study. The assessment of 
global cerebral metabolism was delayed after ROSC due to logistic reasons, and biochemical-signals would prob-
ably have been more pronounced if initiated earlier. Microdialysis is an established technique for experimental 
and clinical studies. Its use in routine intensive care has, however, been limited by the fact that microvials must 
be transported from the patient to the analyzer at regular intervals (hourly). A system for online MD, biochemi-
cal analysis and display (lactate, pyruvate, glucose) has recently been commercially available (MD System Loke, 
MDialysis AB, Stockholm, Sweden). This online technique would facilitate biochemical monitoring within the 
first hours after ROSC.

Conclusions
Bedside microdialysis monitoring of the cerebral drainage in the jugular bulb is feasible and safe during post-
resuscitation care. Microdialysis results indicated that cerebral metabolic parameters could be distinguished from 
systemic parameters in patients with poor outcomes, and may be used in comatose OHCA patients to assess 
global cerebral energy metabolism. However, detection of isolated cerebral metabolic perturbations is depend-
ent on a certain degree of brain injury. Impaired cerebral perfusion and neuro-metabolic signs of ischemia and 
mitochondrial dysfunction are frequent and long-lasting after ROSC and more pronounced in patients with 
unfavorable outcomes. The technique might be used for real-time brain injury detection and treatment titra-
tion early after ROSC to improve outcomes. However, the clinical value must be evaluated in a more extensive 
study, why we are conducting a randomized control trial addressing the effect of higher MAP on global cerebral 
metabolism in 60 comatose patients resuscitated from OHCA.

Received: 5 March 2021; Accepted: 26 July 2021



10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:15871  | https://doi.org/10.1038/s41598-021-95405-9

www.nature.com/scientificreports/

References
 1. Martinell, L. et al. Early predictors of poor outcome after out-of-hospital cardiac arrest. Crit. Care 21, 96. https:// doi. org/ 10. 1186/ 

s13054- 017- 1677-2 (2017).
 2. Nielsen, N. et al. Targeted temperature management at 33 °C versus 36 °C after cardiac arrest. N. Engl. J. Med. 369, 2197–2206. 

https:// doi. org/ 10. 1056/ NEJMo a1310 519 (2013).
 3. Grasner, J. T. et al. Survival after out-of-hospital cardiac arrest in Europe—Results of the EuReCa TWO study. Resuscitation 148, 

218–226. https:// doi. org/ 10. 1016/j. resus citat ion. 2019. 12. 042 (2020).
 4. Sekhon, M. S., Ainslie, P. N. & Griesdale, D. E. Clinical pathophysiology of hypoxic ischemic brain injury after cardiac arrest: A 

“two-hit” model. Crit. Care 21, 90. https:// doi. org/ 10. 1186/ s13054- 017- 1670-9 (2017).
 5. Sekhon, M. S. et al. The burden of brain hypoxia and optimal mean arterial pressure in patients with hypoxic ischemic brain injury 

after cardiac arrest. Crit. Care Med. 47, 960–969. https:// doi. org/ 10. 1097/ CCM. 00000 00000 003745 (2019).
 6. Busl, K. M. & Greer, D. M. Hypoxic-ischemic brain injury: Pathophysiology, neuropathology and mechanisms. NeuroRehabilitation 

26, 5–13. https:// doi. org/ 10. 3233/ NRE- 2010- 0531 (2010).
 7. Hutchinson, P. J. et al. Consensus statement from the 2014 International Microdialysis Forum. Intensive Care Med. 41, 1517–1528. 

https:// doi. org/ 10. 1007/ s00134- 015- 3930-y (2015).
 8. Bauer, R. et al. Neurochemical monitoring using intracerebral microdialysis during cardiac resuscitation. Intensive Care Med. 30, 

159–161. https:// doi. org/ 10. 1007/ s00134- 003- 2015-5 (2004).
 9. Nordmark, J., Rubertsson, S., Mortberg, E., Nilsson, P. & Enblad, P. Intracerebral monitoring in comatose patients treated with 

hypothermia after a cardiac arrest. Acta Anaesthesiol. Scand. 53, 289–298. https:// doi. org/ 10. 1111/j. 1399- 6576. 2008. 01885.x (2009).
 10. Hifumi, T., Kawakita, K., Yoda, T., Okazaki, T. & Kuroda, Y. Association of brain metabolites with blood lactate and glucose levels 

with respect to neurological outcomes after out-of-hospital cardiac arrest: A preliminary microdialysis study. Resuscitation 110, 
26–31. https:// doi. org/ 10. 1016/j. resus citat ion. 2016. 10. 013 (2017).

 11. Jakobsen, R., Halfeld Nielsen, T., Granfeldt, A., Toft, P. & Nordstrom, C. H. A technique for continuous bedside monitoring of 
global cerebral energy state. Intensive Care Med. Exp. 4, 3. https:// doi. org/ 10. 1186/ s40635- 016- 0077-2 (2016).

 12. Jakobsen, R. P. et al. Moderately prolonged permissive hypotension results in reversible metabolic perturbation evaluated by 
intracerebral microdialysis—An experimental animal study. Intensive Care Med. Exp. 7, 67. https:// doi. org/ 10. 1186/ s40635- 019- 
0282-x (2019).

 13. Molstrom, S., Nielsen, T. H., Andersen, C., Nordstrom, C. H. & Toft, P. Bedside monitoring of cerebral energy state during cardiac 
surgery—A novel approach utilizing intravenous microdialysis. J. Cardiothorac. Vasc. Anesth. 31, 1166–1173. https:// doi. org/ 10. 
1053/j. jvca. 2016. 11. 001 (2017).

 14. Perkins, G. D. et al. Cardiac arrest and cardiopulmonary resuscitation outcome reports: update of the Utstein Resuscitation Reg-
istry Templates for Out-of-Hospital Cardiac Arrest: a statement for healthcare professionals from a task force of the International 
Liaison Committee on Resuscitation (American Heart Association, European Resuscitation Council, Australian and New Zealand 
Council on Resuscitation, Heart and Stroke Foundation of Canada, InterAmerican Heart Foundation, Resuscitation Council of 
Southern Africa, Resuscitation Council of Asia); and the American Heart Association Emergency Cardiovascular Care Committee 
and the Council on Cardiopulmonary, Critical Care, Perioperative and Resuscitation. Circulation 132, 1286–1300. https:// doi. org/ 
10. 1161/ CIR. 00000 00000 000144 (2015).

 15. Nolan, J. P. et al. European Resuscitation Council and European Society of Intensive Care Medicine guidelines 2021: Post-resus-
citation care. Intensive Care Med. 47, 369–421. https:// doi. org/ 10. 1007/ s00134- 021- 06368-4 (2021).

 16. Forsse, A. et al. A Prospective observational feasibility study of jugular bulb microdialysis in subarachnoid hemorrhage. Neurocrit. 
Care https:// doi. org/ 10. 1007/ s12028- 019- 00888-0 (2019).

 17. Storm, C. et al. Regional cerebral oxygen saturation after cardiac arrest in 60 patients—A prospective outcome study. Resuscitation 
85, 1037–1041. https:// doi. org/ 10. 1016/j. resus citat ion. 2014. 04. 021 (2014).

 18. Nielsen, T. H., Olsen, N. V., Toft, P. & Nordstrom, C. H. Cerebral energy metabolism during mitochondrial dysfunction induced 
by cyanide in piglets. Acta Anaesthesiol. Scand. 57, 793–801. https:// doi. org/ 10. 1111/ aas. 12092 (2013).

 19. Nordstrom, C. H., Koskinen, L. O. & Olivecrona, M. Aspects on the physiological and biochemical foundations of neurocritical 
care. Front. Neurol. 8, 274. https:// doi. org/ 10. 3389/ fneur. 2017. 00274 (2017).

 20. Westhall, E. et al. Standardized EEG interpretation accurately predicts prognosis after cardiac arrest. Neurology 86, 1482–1490. 
https:// doi. org/ 10. 1212/ WNL. 00000 00000 002462 (2016).

 21. Mak, M., Moulaert, V. R., Pijls, R. W. & Verbunt, J. A. Measuring outcome after cardiac arrest: Construct validity of Cerebral 
Performance Category. Resuscitation 100, 6–10. https:// doi. org/ 10. 1016/j. resus citat ion. 2015. 12. 005 (2016).

 22. Matthews, E. A. et al. Categorization of survival and death after cardiac arrest. Resuscitation 114, 79–82. https:// doi. org/ 10. 1016/j. 
resus citat ion. 2017. 03. 005 (2017).

 23. Nordstrom, C. H., Nielsen, T. & Nielsen, H. Lactate uptake against a concentration gradient: Misinterpretation of analytical 
imprecision. J. Neurotrauma 31, 1528. https:// doi. org/ 10. 1089/ neu. 2013. 3229 (2014).

 24. Hagstrom-Toft, E. et al. Adrenergic regulation of human adipose tissue metabolism in situ during mental stress. J. Clin. Endocrinol. 
Metab. 76, 392–398. https:// doi. org/ 10. 1210/ jcem. 76.2. 83818 01 (1993).

 25. Hillered, L., Valtysson, J., Enblad, P. & Persson, L. Interstitial glycerol as a marker for membrane phospholipid degradation in the 
acutely injured human brain. J. Neurol. Neurosurg. Psychiatry 64, 486–491. https:// doi. org/ 10. 1136/ jnnp. 64.4. 486 (1998).

 26. Nedergaard, M., Takano, T. & Hansen, A. J. Beyond the role of glutamate as a neurotransmitter. Nat. Rev. Neurosci. 3, 748–755. 
https:// doi. org/ 10. 1038/ nrn916 (2002).

 27. Ljunggren, B., Schutz, H. & Siesjo, B. K. Changes in energy state and acid–base parameters of the rat brain during complete com-
pression ischemia. Brain Res. 73, 277–289. https:// doi. org/ 10. 1016/ 0006- 8993(74) 91049-x (1974).

 28. Nordstrom, C. H., Rehncrona, S. & Siesjo, B. K. Restitution of cerebral energy state, as well as of glycolytic metabolites, citric acid 
cycle intermediates and associated amino acids after 30 minutes of complete ischemia in rats anaesthetized with nitrous oxide or 
phenobarbital. J. Neurochem. 30, 479–486. https:// doi. org/ 10. 1111/j. 1471- 4159. 1978. tb065 53.x (1978).

 29. Rehncrona, S., Mela, L. & Siesjo, B. K. Recovery of brain mitochondrial function in the rat after complete and incomplete cerebral 
ischemia. Stroke 10, 437–446. https:// doi. org/ 10. 1161/ 01. str. 10.4. 437 (1979).

 30. Kilbaugh, T. J. et al. Persistently altered brain mitochondrial bioenergetics after apparently successful resuscitation from cardiac 
arrest. J. Am. Heart Assoc. 4, e002232. https:// doi. org/ 10. 1161/ JAHA. 115. 002232 (2015).

 31. Xu, K., Puchowicz, M. A., Sun, X. Y. & LaManna, J. C. Decreased brainstem function following cardiac arrest and resuscitation in 
aged rat. Brain Res. 1328, 181–189. https:// doi. org/ 10. 1016/j. brain res. 2010. 02. 080 (2010).

 32. Amer-Wahlin, I. et al. Fetal cerebral energy metabolism and electrocardiogram during experimental umbilical cord occlusion and 
resuscitation. J. Matern. Fetal. Neonatal. Med. 23, 158–166. https:// doi. org/ 10. 3109/ 14767 05090 30673 60 (2010).

 33. Iordanova, B., Li, L., Clark, R. S. B. & Manole, M. D. Alterations in cerebral blood flow after resuscitation from cardiac arrest. Front. 
Pediatr. 5, 174. https:// doi. org/ 10. 3389/ fped. 2017. 00174 (2017).

 34. Taccone, F. S., Crippa, I. A., Creteur, J. & Rasulo, F. Estimated cerebral perfusion pressure among post-cardiac arrest survivors. 
Intensive Care Med. 44, 966–967. https:// doi. org/ 10. 1007/ s00134- 018- 5074-3 (2018).

 35. Tran, L. N. et al. The association between post-cardiac arrest cerebral oxygenation and survival with favorable neurological out-
comes: A multicenter study. Resuscitation 154, 85–92. https:// doi. org/ 10. 1016/j. resus citat ion. 2020. 06. 006 (2020).

https://doi.org/10.1186/s13054-017-1677-2
https://doi.org/10.1186/s13054-017-1677-2
https://doi.org/10.1056/NEJMoa1310519
https://doi.org/10.1016/j.resuscitation.2019.12.042
https://doi.org/10.1186/s13054-017-1670-9
https://doi.org/10.1097/CCM.0000000000003745
https://doi.org/10.3233/NRE-2010-0531
https://doi.org/10.1007/s00134-015-3930-y
https://doi.org/10.1007/s00134-003-2015-5
https://doi.org/10.1111/j.1399-6576.2008.01885.x
https://doi.org/10.1016/j.resuscitation.2016.10.013
https://doi.org/10.1186/s40635-016-0077-2
https://doi.org/10.1186/s40635-019-0282-x
https://doi.org/10.1186/s40635-019-0282-x
https://doi.org/10.1053/j.jvca.2016.11.001
https://doi.org/10.1053/j.jvca.2016.11.001
https://doi.org/10.1161/CIR.0000000000000144
https://doi.org/10.1161/CIR.0000000000000144
https://doi.org/10.1007/s00134-021-06368-4
https://doi.org/10.1007/s12028-019-00888-0
https://doi.org/10.1016/j.resuscitation.2014.04.021
https://doi.org/10.1111/aas.12092
https://doi.org/10.3389/fneur.2017.00274
https://doi.org/10.1212/WNL.0000000000002462
https://doi.org/10.1016/j.resuscitation.2015.12.005
https://doi.org/10.1016/j.resuscitation.2017.03.005
https://doi.org/10.1016/j.resuscitation.2017.03.005
https://doi.org/10.1089/neu.2013.3229
https://doi.org/10.1210/jcem.76.2.8381801
https://doi.org/10.1136/jnnp.64.4.486
https://doi.org/10.1038/nrn916
https://doi.org/10.1016/0006-8993(74)91049-x
https://doi.org/10.1111/j.1471-4159.1978.tb06553.x
https://doi.org/10.1161/01.str.10.4.437
https://doi.org/10.1161/JAHA.115.002232
https://doi.org/10.1016/j.brainres.2010.02.080
https://doi.org/10.3109/14767050903067360
https://doi.org/10.3389/fped.2017.00174
https://doi.org/10.1007/s00134-018-5074-3
https://doi.org/10.1016/j.resuscitation.2020.06.006


11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:15871  | https://doi.org/10.1038/s41598-021-95405-9

www.nature.com/scientificreports/

 36. Jakkula, P. et al. Near-infrared spectroscopy after out-of-hospital cardiac arrest. Crit. Care 23, 171. https:// doi. org/ 10. 1186/ s13054- 
019- 2428-3 (2019).

 37. Zhang, H. J. et al. Assessment of brain glucose metabolism following cardiac arrest by [F-18]FDG positron emission tomography. 
Neurocrit. Care https:// doi. org/ 10. 1007/ s12028- 020- 00984-6 (2020).

 38. Norberg, K. & Siesjo, B. K. Cerebral metabolism in hypoxic hypoxia. I. Pattern of activation of glycolysis: A re-evaluation. Brain 
Res. 86, 31–44. https:// doi. org/ 10. 1016/ 0006- 8993(75) 90635-6 (1975).

 39. Blennow, G., Nilsson, B. & Siesjo, B. K. Influence of reduced oxygen availability on cerebral metabolic changes during bicuculline-
induced seizures in rats. J. Cereb. Blood Flow Metab. 5, 439–445. https:// doi. org/ 10. 1038/ jcbfm. 1985. 59 (1985).

 40. Sekhon, M. S. et al. Brain hypoxia secondary to diffusion limitation in hypoxic ischemic brain injury postcardiac arrest. Crit. Care 
Med. 48, 378–384. https:// doi. org/ 10. 1097/ CCM. 00000 00000 004138 (2020).

 41. Reinstrup, P. et al. Intracerebral microdialysis in clinical practice: Baseline values for chemical markers during wakefulness, 
anesthesia, and neurosurgery. Neurosurgery 47, 701–709. https:// doi. org/ 10. 1097/ 00006 123- 20000 9000- 00035 (2000) (discussion 
709–710).

Author contributions
All contributors meet the criteria for authorship. S.M., T.H.N., C.H.N., H.S., P.T. contributed to the conception 
and design of the study. S.M., S.V., D.M., T.T. contributed to the acquisition of data. S.M., T.H.N., C.H.N., A.F., 
S.M. contributed to the analysis and interpretation of data. S.M., T.H.N., C.H.N., A.F., S.M., H.S., P.T. contributed 
to drafting the article and revising it critically for important intellectual content. S.M., T.H.N., C.H.N, A.F., S.M., 
S.V., D.M., T.T., H.S., P.T. contributed to the final approval of the version to be submitted.

Funding
This study was funded by non-profit organizations, including the University of Southern Denmark, Region of 
Southern Denmark and Department of Anesthesiology and Intensive Care, Odense. Furthermore, the study 
received a Grant from A.P. Moeller Foundation for the Advancement of Medical Science of 50.000 DKK (Grant 
number 17-L-0030).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 95405-9.

Correspondence and requests for materials should be addressed to S.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

https://doi.org/10.1186/s13054-019-2428-3
https://doi.org/10.1186/s13054-019-2428-3
https://doi.org/10.1007/s12028-020-00984-6
https://doi.org/10.1016/0006-8993(75)90635-6
https://doi.org/10.1038/jcbfm.1985.59
https://doi.org/10.1097/CCM.0000000000004138
https://doi.org/10.1097/00006123-200009000-00035
https://doi.org/10.1038/s41598-021-95405-9
https://doi.org/10.1038/s41598-021-95405-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Bedside microdialysis for detection of early brain injury after out-of-hospital cardiac arrest
	Methods
	Trial design. 
	Patients. 
	Post-resuscitation procedure. 
	Neuromonitoring. 
	JBM reference values and classification of ischemia. 
	Neurologic prognostication. 
	Follow-up and outcome. 
	Statistical methods. 

	Results
	Patients. 
	ICU. 
	Outcome. 
	Comparison of biochemical variables monitored in arterial and jugular venous blood. 
	Cerebral metabolic patterns in outcome groups. 
	JBM variables in relation to critical clinical episodes. 
	Association between JBM and neurological outcome. 
	Regional cerebral desaturation. 
	Correlation between systemic blood lactate and MD arterial lactate. 

	Discussion
	Limitations
	Conclusions
	References


