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Chapter 7
Brain Microdialysis Monitoring

Maria A. Poca, David Sanchez-Ortiz, Jacinto Baena, and Juan Sahuquillo

7.1  �Introduction and the Concept of Cerebral Microdialysis

One of the fundamental objectives of the treatment of patients with a severe trau-
matic brain injury (TBI) is the prevention of secondary brain lesions, hence the 
importance of being able to make early detection of cerebral tissue ischemia. This 
concept can be extended to the context of other neurocritical patients. Microdialysis 
(MD) is a technique based on the principle of solute exchange through a 
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semipermeable membrane, which emulates the functioning of a blood capillary 
[1–3]. MD is an extremely sensitive technique that can provide early metabolic 
information about the establishment of a tissue lesion. Although complex, this tech-
nique provides much better information than any other monitoring system, since it 
allows one to monitor: (1) the tissue availability of different metabolites, such as 
glucose; (2) the elements released by the cells; and (3) the cellular consequences of 
tissue hypoxia-ischemia.

Cerebral MD (CMD) was introduced in 1966 by Bito et al. for in vivo dialysis of 
the canine brain [4] and is now used for an extensive array of applications that 
explore the regional chemistry of the human brain. The first known application of 
CMD in humans was reported in 1990 by Meyerson et  al., who implanted MD 
probes during thalamotomy procedures in patients with Parkinson’s disease [1]. In 
the same year, the first report of changes in energy-related metabolites during fron-
tal lobe resection in five human patients was published [5]. Since that time, CMD 
has been increasingly used as a neuromonitoring technique in neurocritical patients 
with TBI, middle cerebral artery infarction (MCAI), and spontaneous subarachnoid 
hemorrhage (SAH) to monitor cerebral energy metabolism during the acute phase 
after injury or stroke [6]. Despite the great potential of this monitoring technique, in 
2012, Kitagawa et al. showed that only 42 centers worldwide used MD for clinical 
decision making in the management of neurocritical patients [7]. In addition to its 
clinical utility; however, it is important to note that CMD is a unique research tool 
that allows in-depth analysis of the complex physiological derangements that occur 
in acute brain injuries.

The semipermeable membrane is located at the distal end of the MD catheter 
implanted in the brain (Fig 7.1) and through it the solutes are exchanged between a 
solution of known composition and the extracellular space fluid. In the brain, the 
placement of an MD catheter allows the analysis and quantification of the changes 
that occur in various “energetic” metabolites, such as lactate, pyruvate, adenosine, 
inosine, or hypoxanthine. It also allows studying the release of neurotransmitters 
and neuromodulators (e.g., glutamate, aspartate, GABA, and taurine) or the release 
of products of inflammatory origin (cytokines) or resulting from tissue degradation 
(glycerol, potassium). Although CMD catheters allow a large number of molecules 
and ions to be obtained, in clinical practice, neurochemical monitoring is limited to 
sequential quantification of four or six metabolites, the maximum number allowed 
by the analyzer equipment used at the patient’s bedside (CMA-600 or ISCUSflex, 
CMA Microdialysis, Stockholm, Sweden).

CMD involves the insertion of a catheter, of fine caliber (0.62-mm external diam-
eter) and double lumen, into the extracellular space of the brain parenchyma. One 
of the “lumens” of the catheter is connected to a small precision pump that infuses 
saline or ringer serum without lactate at extremely low speeds (0.1–5  μL/min). 
Because there is a concentration gradient between the two spaces, there is a passage 
of molecules contained in the extracellular space into the catheter, which depends 
on the diameter of the pores of the semipermeable membrane. Through the second 
lumen of the MD catheter, the solution loaded with tissue metabolites is collected in 
a microvial that is replaced every 10–60 min. The microvials obtained are analyzed 
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at the patient’s bedside, which allows four to six analytes to be sequentially quanti-
fied by enzymatic techniques. However, for this brain information to be valid and 
useful, it must be contrasted with the information provided by an additional catheter 
placed in the subcutaneous tissue. The latter provides information on systemic 
(extracerebral) metabolism.

7.2  �Basic Methodological Aspects of 
the Cerebral Microdialysis

The application of the CMD includes the use of five key elements: the MD cathe-
ters, a semipermeable membrane, infusion micropumps, special microvials, and a 
portable analyzer placed within the same ICU (bedside). Microdialysis catheters 
(CMA-70 or CMA-71, CMA Microdialysis, Stockholm, Sweden) are flexible, with 
a small diameter (<1 mm), and contain a double lumen with a semipermeable mem-
brane at the distal end (Fig. 7.1). Small solutes can pass freely across this membrane 
due to an osmotic gradient. The internal lumen of the catheter contains a metabolite-
free solution (Ringer solution without lactate or an isotonic saline serum). The cath-
eter is attached to a continuous infusion micropump (CMA-106, CMA Microdialysis) 
that infuses the solution at a constant and predetermined velocity. At the distal 
extreme of the catheter, and through the semipermeable membrane, there is an 
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Fig. 7.1  Cerebral microdialysis catheter and the basic elements for performing this technique: (1) 
dialysis membrane, (2) double-lumen catheter, (3) microvial, (4) infusion micropump, and (5) the 
portable analyzer ISCUSflex placed at the bedside
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exchange of solutes of a particular molecular weight (<20 kDa in standard catheters 
[CMA-70] and up to 100 kDa in high-resolution catheters [CMA-71]). The micro-
dialysate obtained contains molecules from the extracellular space and flows 
through the external lumen of the catheter. This microdialysate is recovered through 
special microvials, which are replaced periodically. A portable analyzer (CMA-600 
or ISCUSflex) analyzes the microdialized by enzymatic and fluorometric techniques 
(urea) and quantifies changes in the composition of the initial solution (Fig. 7.1).

The metabolites dissolved in the fluid of the extracellular brain space come from 
the tissue capillaries, neurons, and adjacent glial cells [2]. The passage of substances 
to the MD catheter depends on its molecular weight (the semipermeable membrane 
of the usual catheter only allows the passage of ions and molecules of molecular 
weight less than 20,000 Da), the infusion rate of the perfusion fluid, the length of the 
membrane, and the diffusion coefficient of each substance in the tissue to be studied 
[8]. The recovery of the different metabolites is always a percentage of the actual 
content that exists in the study tissue, which introduces the concept of “relative 
recovery,” which is explained in detail in the following section.

7.3  �The Recovery Principle

The dialyzing properties of the MD membrane are routinely expressed as its recov-
ery for a particular solute [9]. The recovery of a certain metabolite is defined as the 
concentration of this element that contains the microvial divided by the actual con-
centration in the interstitial space, a fraction expressed as a relative recovery (RR) 
[2], which is calculated as a simplification of the following equation: RR = (Cout—
Cin) / (Cex–Cin), where Cout is the concentration of a given substance in the dialy-
sate, Cex is the concentration of the same substance in the extracellular fluid, and 
Cin is the concentration of the solute in the perfusion fluid. RR is expressed as a 
percentage. The concentration of the solute in dialysate will always be lower than 
that in the extracellular fluid. Therefore, RR will always be below 100%, except 
when the flow rate equals zero. In this particular situation—and for a low molecular 
weight solute—the concentrations equilibrate in both sides of the dialyzing mem-
brane [10].

The optimal recovery of any metabolite should be 100%; that is, the information 
provided by the MD catheter should accurately reflect the composition of the extra-
cellular space. Hutchinson et al. analyzed the influence of various methodological 
aspects on the recovery of analytes, such as glucose, lactate, pyruvate, and gluta-
mate in brain neurosurgical patients [11]. These authors confirmed that the concen-
trations of these metabolites obtained from adjacent catheters were practically 
identical [11].

In the same study, when the influence of dialysis membrane length was analyzed, 
metabolite recovery was found to be much higher if 30 mm dialysate membranes 
were used instead of 10 mm. The authors also verified that the perfusion rate of the 
dialysate fluid had a significant influence, with 0.3 μL/min performing best. Using 
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a dialysis membrane of 10 mm and an infusion rate of 0.3 μL/min, these authors 
obtained an approximate recovery of 70% of all the metabolites studied [11]. 
Coinciding with these results, Ungerstedt et al. observed that with a flow rate of 
0.3 μL/min and a membrane length of 30 mm, the recovery was almost 100% [3].

Another important aspect reported in the Hutchinson et al.’s study was that the 
samples analyzed at the bedside (online analysis with the CMA-600 analyzer) 
showed an excellent correlation, with minimal differences in absolute values, with 
off-line determinations using chromatographic techniques [11]. Likewise, the freez-
ing of the microdialysis samples at a temperature of −70  °C over a period of 
3 months also did not significantly alter the determinations obtained, confirming 
that the differences in all the elements studied were less than 5%. Finally, these 
authors also confirmed that the use of Ringer solutions without lactate or isotonic 
saline did not influence the final concentration of glucose, lactate, pyruvate, or glu-
tamate [11]. However, Ungerstedt et al. recommend the use of Ringer without lac-
tate as a fluid to be perfused, based on the fact that the use of saline causes a depletion 
of calcium and potassium that can alter neurotransmission in the areas near the 
implanted catheter [3].

7.4  �How to Implant a Cerebral Microdialysis Catheter

For placement in the brain of MD catheters, stereotaxy techniques were initially 
used. However, these techniques, which might be ideal in certain experimental stud-
ies, constitute an important limitation in the clinical context of neurocritical patients. 
At present, CMD catheters are inserted by placing them under direct vision during 
surgical procedures or through a burr hole in the operating room, through cranial 
multilumen bolts (Fig.  7.2), or percutaneously by a twist drill craniotomy [12]. 
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Fig. 7.2  Raumedic 
multi-lumen screw 
designed to insert a 
microdialysis catheter 
through one of its 
lumens (arrow)
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Despite its greater ease, an important drawback of using bolts is that positioning of 
the catheter next to focal lesions can be difficult or impossible because bolts are 
manufactured to allow a fixed-length insertion of the catheter. Therefore, the 
implantation of catheters around focal lesions requires an independent burr hole to 
reach the target area. To simplify the insertion of cerebral microdialysis catheters, in 
our center, we use a percutaneous technique, similar to that used to implant an intra-
parenchymal ICP or PtiO2 sensor without a bolt [12]. Like the implantation of other 
brain sensors used to monitor neurocritical patients, this technique can be performed 
at the bedside in the ICU.

The surgical technique for implanting CMD catheters involves a twist-drill cra-
niotomy, with a small drill hole (2.7-mm in diameter), and subcutaneous catheter 
tunneling (Fig.  7.3). The patient’s head is shaved and prepared. The craniotomy 
includes the outer and inner tables of the skull and is followed by a blind duramater 
perforation using a 14G needle. This maneuver ensures adequate patency of the 
craniotomy and opening of the dura. Then, a small stylet is inserted in the craniot-
omy and is introduced slightly into the opened dura to make a small puncture in the 
pia mater and ensure smooth insertion of the microdialysis catheter. Next, the stylet 

1 2

3 4

Fig. 7.3  Graph summarizing the steps for the implantation of a brain microdialysis catheter using 
a percutaneous technique: (1) a small drill hole (2.7-mm in diameter) was carried out, (2) the dura-
mater was perforated using a 14G needle, (3) the microdialysis catheter was placed within the 
protective sheath and tunneled, (4) the distal part of the microdialysis catheter was guided toward 
the white matter. Finally, the microdialysis catheter was fixed on the scalp and covered by a semi-
permeable membrane, which remained in place throughout the monitoring period
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is removed, and the MD catheter is introduced into the craniotomy following the 
route created by the stylet. Finally, the dialysis membrane was positioned in the 
subcortical white matter, the skin is sutured, and the catheter is fixed to the scalp by 
additional sutures [12]. As with other cranial sensors, CMD catheters are only 
implanted when coagulation parameters are considered to be normal (platelet count 
> 100,000, prothrombin time < 14 s, and partial thromboplastin time < 50 s), with-
out the use of antibiotic prophylaxis. Routine precautions against infection are taken 
during sensor insertion and daily care.

7.5  �Where Should the Cerebral Microdialysis Catheter 
Be Placed? The Importance of Radiological Control

As in other local monitoring systems, in CMD, clinicians must decide where the 
catheter should be implanted to obtain the most useful information for the clinical 
management of the patient. The implantation of a catheter in the “healthy” tissue 
offers the possibility of monitoring the tissue with greater chances of recovery, while 
offering us information that we can extrapolate globally to the rest of the uninjured 
brain. On the other hand, the placement of a catheter in the “penumbra” areas allows 
the monitoring of potentially recoverable brain regions. We consider ischemic or 
traumatic “penumbra” as a brain region of normal macroscopic appearance around 
the ischemic core or traumatic cerebral contusions or hemorrhages with no changes 
in brain tissue attenuation in a noncontrast CT scan (Fig. 7.4); these regions had to 
be at least 20 mm away from any brain region with parenchymal abnormalities [10]. 
The traumatic penumbra is also considered when the probe is located in the brain 
immediately below any significant extra-cerebral hematoma. To resolve this con-
flict, and ideally, in the focal lesions, two microdialysis catheters should be implanted 
in the brain parenchyma, one in healthy tissue and the second in the area of ​​the 
penumbra. In diffuse lesions, however, the placement of a single cerebral catheter is 
sufficient. In our patients, we have found that in the focal or ischemic lesions, the 
information provided by two brain MD catheters can be very different, confirming 
the pathophysiological complexity of the cerebral lesions (Fig. 7.5).

An essential aspect of this type of monitoring is to know the exact position of the 
MD catheter (e.g., gray matter, white substance, and specific brain territory). 
Initially, the MD catheters were not radiopaque or equipped with radiological mark-
ers, so it was impossible to determine the exact position of the catheter. As an addi-
tional difficulty, if we wanted to place the dialysate membrane in a cortical position, 
the flexibility and small caliber of the catheters favored their migration to the sub-
arachnoid space. At present, there is a consensus in locating the dialysate membrane 
in the white subcortical matter, and the CMD catheters incorporate a tiny piece of 
gold at its distal end, which is perfectly visible in radiological controls (Fig. 7.5). 
Also, the information we obtain can be interfered with by the presence of blood or 
air around the catheter (Fig. 7.6), so for a proper clinical interpretation of the results, 
we must rule out these facts.
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Fig. 7.4  A microdialysis 
catheter implanted in a 
traumatic “penumbra” 
region (brain region with 
normal macroscopic 
appearance around cerebral 
traumatic contusions or 
hemorrhages with no 
changes in brain tissue 
attenuation in a 
noncontrast CT scan). 
These regions had to be at 
least 20 mm away from 
any brain region with 
parenchymal abnormalities

Fig. 7.5  CT scan of a patient with malignant infarction of the middle cerebral artery. Two micro-
dialysis catheters were implanted in the ischemic hemisphere: in the ischemic core and in the 
penumbra region. Both catheters have a gold tip. Note how the information offered by the two 
catheters is very different depending on the tissue in which they are inserted
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7.6  �Metabolites to Be Determined: Neurotransmitters, 
Markers of Ischemia, and Tissue Injury

Although CMD catheters allow a large number of molecules and ions to be obtained, 
neurochemical monitoring at the bedside is limited to the sequential quantification 
of four to six metabolites, the maximum number allowed by the analyzers used in 
the ICU. The standard analyzer equipment (CMA-600) allows the quantification of 
four analytes per patient and the monitoring of three simultaneous patients. The 
ISCUSflex, the third generation of MD analyzers, allows the monitoring of up to 
eight simultaneous patients, with a batch analysis capacity of 16 samples, and the 
use of six available reagents: glucose, lactate, pyruvate, glycerol, glutamate, and 
urea. However, if the microvials are preserved at the appropriate temperature 
(−70 °C), subsequent determinations of additional analytes can be made, with the 
only limitation being the residual volume of dialysate fluid that the microvial 
contains.

Glucose is the metabolite most frequently determined in MD. Glucose consti-
tutes the fundamental energy substrate of the brain. Its extracellular concentration 
depends on the concentration of peripheral blood glucose, local capillary flow, and 
cell uptake. The latter can vary when cellular metabolism shifts from an aerobic to 

Fig. 7.6  CT images of a 
patient with a minute blood 
collection (less than 1 cc) 
resulting from the 
implantation of a cerebral 
microdialysis catheter. This 
hemorrhage is not 
clinically relevant but 
might invalidate the 
information of the 
microdialysis catheter
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an anaerobic pathway. The simultaneous use of an MD catheter located in the sub-
cutaneous tissue provides continuous information on the systemic availability of 
glucose and therefore information for the correct interpretation of brain glucose 
levels. Thus, when the glucose in the brain descends parallel to the brain tissue O2 
(PtiO2), with peripheral glucose being preserved, we can affirm that there is a 
decrease in capillary blood flow [3]. In other situations, to correctly interpret the 
metabolic events that take place, the simultaneous quantification of several metabo-
lites in the brain is required [3]. Several studies have established that brain glucose 
levels are lower than plasma levels [13, 14]. Reinstrup et al. established the tradi-
tional clinical upper threshold for MD brain glucose at 0.3  μL/min in awake 
patients—using the ±1.96 SD method—at 3.5 mmol/L [15]. This upper limit was 
similar to the values found in our awake and anesthetized patients at the same perfu-
sion rate [14].

In the brain, interstitial lactate arises as an intermediate metabolite in aerobic 
glycolysis and is generated in large quantities in anaerobic glycolysis, in an attempt 
to increase the production of ATP through a less efficient metabolic pathway. 
Therefore, when high levels of lactate are found in the brain, it can come from an 
increase in aerobic metabolism (situation of cellular hypermetabolism) or from a 
situation of tissue hypoxia, ischemic or nonischemic, in which glycolysis is funda-
mentally anaerobic. In patients with spontaneous SAH, Oddo et al. found that brain 
lactate elevations (>4 mmol/L) were more often caused by cerebral hyperglycolysis 
than by brain hypoxia and that hypoxic lactate was associated with increased mor-
tality, whereas hyperglycolysis was a predictor of a good outcome [16]. The differ-
ential diagnosis between these situations, conceptually opposed, can be made with 
the simultaneous determination of pyruvate and the calculation of the lactate/pyru-
vate ratio (LPR). An increase in lactate parallel to an increase in pyruvate, with a 
normal LPR, indicates a situation of cellular hyperglycolysis. In contrast, an increase 
in lactate accompanied by a decrease in pyruvate and an increase in the LPR are 
indicators of ischemic or nonischemic brain hypoxia or mitochondrial dysfunction 
[17]. According to the results of our study of reference levels in CMD [14], a prag-
matic upper limit for the LPR in both awake and anesthetized patients appears to be 
35, and not the limit of 25 that we have used in a classical way [17].

Glycerol is one of the structural components of the lipid bilayer of the cell mem-
brane. Located in the outermost part of the cell membrane (hydrophilic portion), 
glycerol emerges from this structure in situations of lack of cellular energy, consti-
tuting a biochemical marker of tissue injury [18]. In situations of excitotoxicity, 
mediated by massive glutamate releases in the synaptic cleft, or in a situation of lack 
of energy, uncontrolled entry of calcium into the cell occurs. Intracellular calcium 
activates certain phospholipases and generates the formation of free radicals of O2, 
which are responsible for the phenomenon of lipid peroxidation. Lipid peroxidation 
destroys the cell membrane, with the consequent release of fatty acids and glycerol. 
In clinical practice, there are several situations that can generate cellular “suffering,” 
such as increases in ICP (Fig. 7.7). However, it is not clearly established whether the 
increase in glycerol is associated with the destruction of the cell membrane, with 
secondary death of the cell, or if it constitutes a marker of “cell suffering,” with the 
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possibility of reversal of the process, without destruction of the cell. In a small 
cohort of TBI patients, Peerdeman et al. found that values of glycerol >150 μmol/L 
in the normal-appearing regions of the brain had a positive predictive value of 100% 
for an unfavorable outcome [19]. In a series of patients, we found a significant 
increase in cerebral glycerol in both the ischemic and traumatic core, but the glyc-
erol levels were always below the upper reference threshold in both the normal-
appearing brain and the traumatic penumbra. Our findings reinforce the idea that 
glycerol is a marker of tissue injury [10]. However, some studies have pointed out 
that maneuvers as simple and routine as the application of a glycerol enema in a 
patient can greatly increase the concentrations of this substance, which might raise 
questions about its validity as a marker element of tissue injury and leads us back to 
the need for systemic information to properly interpret the information offered by 
CMD catheters [20].

Glutamate is the most abundant excitatory neurotransmitter in the mammalian 
nervous system, followed in importance by aspartate. Glutamate is distributed prac-
tically throughout all brain regions, and its action is essential in normal neuronal 
transmission. When the neuron is depolarized, glutamate is released into the synap-
tic cleft, exerting its action on a variable set of receptors. The function of this neu-
rotransmitter depends fundamentally on the type of receptor on which it acts. In 
severe TBI, there are certain situations (e.g., hypoxia, ischemia, mechanical injury 
with rupture of cell membranes, and the release of blood content) in which large 
amounts of glutamate and aspartate are released into the extracellular space. In 

Fig. 7.7  Image showing elevated glycerol values in the context of intracranial hypertension. See 
how the values of this metabolite are drastically reduced after evacuating a brain lesion, and the 
values of intracranial pressure are normalized
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these circumstances, both neurotransmitters, although especially glutamate, can 
exert a repeated and uncontrolled exciting action on neurons, leading them to a state 
of repetitive depolarization that can condition cellular self-destruction (excitotoxic-
ity phenomenon). Since ischemic phenomena cause a massive release of this neu-
rotransmitter, its determination can also be used as a marker of tissue injury.

As with any high-precision technique and on which clinical decisions might be 
based, in CMD, it is essential to have a system capable of identifying artifactual 
information ​​that might be included among valid values. Ronne-Engstrom et al. [21] 
proposed the use of urea to detect problems in the recovery of MD catheters, since 
this molecule acts as an endogenous reference compound. An endogenous reference 
compound is a substance naturally present in the organism that, once synthesized, is 
not metabolized and can diffuse freely through biological membranes, reaching a 
similar and stable concentration in all systemic fluids. Urea is a molecule of low 
molecular weight (60 Da) and polar structure, but without an electric charge, char-
acteristics that make it suitable for use as an endogenous reference compound [22], 
provided there is a sufficient period to allow a homogeneous distribution of the 
molecule.

In mammals, urea is the main end product of nitrogen catabolism. Almost all the 
urea present in blood and urine is synthesized in the liver and excreted through the 
kidney, without its concentration showing sharp oscillations. Assuming that the 
concentration of urea is similar in the extracellular space fluid of the brain and sub-
cutaneous tissue, the ratio between cerebral urea and subcutaneous urea of ​​MD 
samples constitutes a good quality control in the application of this technique. The 
ratio between cerebral and subcutaneous urea usually ranges between 0.5 and 1 in 
different patients. This variability is due to the different physicochemical and physi-
ological conditions that occur in the tissue in which each catheter is inserted and 
that directly affects the amount of urea collected by each of the catheters [23]. 
However, the value of the urea ratio brain/subcutaneous measured between a pair of 
specific catheters should be constant in a given patient. Thus, if the ratio of cerebral 
urea versus subcutaneous urea is constant, it can be said that the two MD catheters 
are functioning correctly. When the ratio is constant, the oscillations in the concen-
tration of the other analytes studied simultaneously would be a correct reflection of 
the real oscillations of these analytes in the interstitial space. An increase or decrease 
in the ratio between cerebral urea and subcutaneous urea will indicate dysfunction 
of one of the two catheters. Urea should not be used as a reference substance in 
cases of renal insufficiency, since in this situation, its concentration may suffer 
sharp oscillations [21].

7.7  �Reference Values of Brain Metabolites

One of the fundamental problems of MD lies in establishing the normal values of 
different metabolites. Given the ethical and methodological impossibility of moni-
toring normal subjects, the reference values should be obtained from experimental 
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studies or from patients with intracranial pathology, with the limitations that this 
implies. The reference values of the different elements or metabolites studied that 
we have used for years were obtained from neurological and neurosurgical patients, 
awake and anesthetized, inserting the cerebral catheter into uninjured tissue [15]. In 
most cases, these patients had benign tumors of the posterior fossa, and the catheter 
was implanted in an uninjured frontal region without cerebral edema [Table 7.1] 
[15]. Other authors have reported brain metabolite levels in the normal brains of 
patients with central nervous system tumors [24], in awake epileptic patients [13, 
25], and in patients with spontaneous SAH [26].

Nevertheless, the true reference limits of the different metabolites that we usu-
ally monitor in clinical practice are still unknown. Recently, we published the results 
of an in vitro and a human study in which the reference limits for glucose, lactate, 
pyruvate, and glycerol were determined in a cohort of 19 patients who were observed 
twice: while anesthetized and while fully awake [14]. In anesthetized patients, the 
extrapolation to the zero-flow rate method was used. In awake patients, we employed 
perfusion at a constant infusion speed of 0.3 μL/min, as recommended by a recent 
consensus conference on neuromonitoring [27]. The reference intervals reported in 
this study provide additional support for the thresholds suggested by the most recent 
consensus conference on MD neuromonitoring [27], highlighting the importance of 
lactate in brain energetics and raising the need to reconsider traditional definitions 
of metabolic disturbances observed in neurocritical patients. This study emphasizes 
the importance of using different thresholds for patients that are awake and those 
under anesthesia or deep sedation [14]. Table 7.1 summarizes the main results of 
this study.

Table 7.1  Reference levels of brain metabolites determined by microdialysis neuromonitoring

Metabolite
Reinstrupa 
mean ± SD

VHUH studyb

Anesthetized
median (RI)

VHUH studyb

Awake
median (RI)

VHUH studyb

ZFM method
median (RI)

n (patients) 9 15 17 16
Glucose (mmol/L) 1.7 ± 0.9 1.25 (0.68–3.11) 1.55 (0.43–2.94) 1.57 (1.15–4.13)
Lactate (mmol/L) 2.9 ± 0.9 1.40 (1.11–3.63) 3.41 (1.64–5.50) 2.01 (1.3–5.31)
Pyruvate (μmol/L) 166 ± 47 73.8 (39.0–137.1) 137.1 (86.1–188.7) 80.0 (54.4–197.0)
LPR 23 ± 4 23.3 (13.1–34.3) 24.9 (18.3–33.5) 27.5 (15.6–39.2)
Glycerol (μmol/L) 82 ± 44 53.8 (25.3–202.9) 79.8 (31.7–338.7) 49.9 (23.6–227.3)
Glutamate 
(μmol/L)

16 ± 16 – – –

aReinstrup et al. study [15]
bSanchez-Guerrero et al. study [14]
LPR lactate/pyruvate ratio, SD standard deviation, RI reference interval (lower-upper values), 
VHUH Vall d’Hebron University Hospital, ZFM zero-flow rate method
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7.8  �Clinical Indications of Cerebral Microdialysis 
and Evidence-Based Medicine

Although CMD has been used in the monitoring of patients with epilepsy, brain 
tumors, and different types of neurosurgical interventions, at present the clinical 
applications of this technique mainly focus on the neuromonitoring of patients with 
a severe TBI, SAH, or brain injury of ischemic origin.

In the latest edition (4th) of the clinical practice guidelines of the Brain Trauma 
Foundation, the authors recognize that the goal of the medical management of 
severe TBI is to ensure that nutrient delivery to the brain is optimized through the 
period of abnormal physiology and brain swelling that follows the injury, and that 
the only way to be assured that this is being achieved to the greatest extent possible 
is to measure brain metabolites, which provide reassurance that the needs of oxida-
tive metabolism are being met [28]. Another statement is that the use of advanced 
monitoring techniques, such as CMD, in tandem with ICP and CPP monitoring, 
adds to the assessment of brain metabolic needs and the effects of therapies to meet 
them [28]. However, they only offer recommendations (with a level III of evidence) 
on the use of jugular bulb monitoring of arteriovenous oxygen content difference 
[28]. Of the 51 new studies on all advanced monitoring tools that are reviewed in 
this latest edition, methodological limitations eliminate 42, and of the nine remain-
ing, only one refers to MD. This corresponds to the Chamoun study in which it is 
observed that patients with glutamate levels that tend to normalize within 120 h of 
trauma have lower mortality than those in which glutamate remains high [29]. 
Therefore, indications and recommendations on the use of CMD are based only on 
the result of expert consensus conferences.

In agreement with the conclusions of an expert panel meeting in the Karolinska 
Institute in Stockholm in 2002, published in 2004 [30], the patients who will derive 
the greatest benefit from the inclusion of CMD in neuromonitoring are those with a 
severe TBI or SAH. In both types of patient, the aim of MD monitoring is the same: 
the early detection of metabolic changes suggesting the development of tissue isch-
emia and monitoring of the effect of the therapeutic maneuvers applied to treat the 
ischemia. In TBI, one or more brain catheters should be applied according to the 
type of lesion. In diffuse lesions, the implantation of a single brain catheter in the 
right frontal region was recommended. In focal lesions, two catheters were recom-
mended, one in the macroscopically nonlesioned region and the other in the “area of 
penumbra” (the brain area surrounding a focal lesion, which is considered at great-
est risk). The consensus conference concluded that the information that might be 
provided by placing an additional catheter in an established lesion does not add 
important information for patient management. In patients with SAH, a single brain 
catheter was recommended, although it should be implanted in the vascular area at 
greatest risk. The analytes recommended, and the relative importance of each, in 
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both entities were as follows: (a) in SAH, glutamate and the lactate/pyruvate ratio 
and (b) in TBI, lactate/pyruvate ratio, glucose, glycerol, and glutamate.

In the second consensus conference on neuromonitoring in neurocritical patients 
made by the NICEM (Neuro-Intensive Care and Emergency Medicine), a section of 
the ESICM (European Society of Intensive Care Medicine) [31], the expert panel 
concluded that:

•	 Despite the increase in the application of cerebral microdialysis in the clinical 
management of patients with a severe TBI, class I evidence on the routine use of 
this technique is lacking.

•	 MD is the only technique that allows continuous monitoring of the biochemical 
characteristics of the extracellular space of the brain parenchyma. This informa-
tion is much more reliable than any other biomarker obtained from periph-
eral blood.

•	 MD can help in the differential diagnosis of the distinct types of nonischemic 
hypoxia.

•	 High-resolution CMD allows the recovery of additional substances contained in 
the extracellular space, such as cytokines, interleukins, and other inflammatory 
molecules, which will allow a greater understanding of the physiopathology of 
acute neurological lesions.

•	 This technique is ideal to obtain direct information on the passage of drugs 
through the blood–brain barrier and on their metabolic repercussions, which will 
allow studies of neuroprotective drugs to be more rational and effective.

In 2015, the conclusions of the last consensus statement from the 2014 
International Microdialysis Forum were published [27]. In this document, regarding 
the clinical indications of CMD, the conclusions are very similar to the previous 
recommendations. The most obvious change is the recommendation of where to 
place the MD catheter or catheters. In patients with SAH, two situations are consid-
ered: (1) when the patient does not present a risk for any specific vascular territory, 
in which case the catheter would be placed in the watershed anterior cerebral artery–
middle cerebral artery territory (frontal lobe) and (2) when the monitoring is 
implanted in a deferred way in a patient who has deterioration, in which case the 
catheter should be placed in the vascular territory of risk of infarction [27]. In TBI, 
a distinction is made between diffuse lesions (in which a single catheter would be 
placed in the frontal region of the nondominant hemisphere) and focal lesions (in 
which one or more catheters could be placed, depending on what is of interest to 
monitor: area of penumbra or macroscopically normal brain tissue) [27]. In this 
consensus conference, additional recommendations were made about methodology, 
interpretation of CMD, and core data reporting required in the publication of micro-
dialysis papers [27]. The conclusions of this consensus conference are summarized 
in Table 7.2.
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7.9  �Limitations and Complications

Among the limitations of CMD, it should be noted that it is a local monitoring sys-
tem, which might not detect metabolic events that take place at points away from the 
location of the catheter. Also, depending on the duration of the monitoring, local 

Table 7.2  Part of the recommendations from the 2014 International Forum on Microdialysis – the 
2014 consensus statement [27]

Clinical indications of CMD
Traumatic brain injury (TBI) Subarachnoid hemorrhage (SAH)

In diffuse TBI: MD catheter in 
nondominant frontal lobe
In focal TBI: there are different 
options for catheter placement that 
depend on whether the goal is to 
monitor tissue at risk or normal 
brain. Multiple catheters are an 
option in focal TBI.

As a primary monitoring device in mechanically 
ventilated (“poor-grade”) patients: catheter location in 
the watershed ACA-MCA territory (frontal lobe) on the 
same side as the maximal blood load seen on CT or the 
ruptured aneurysm. If the blood load is symmetrical, they 
recommend nondominant frontal lobe placement.
In patients with a secondary neurological deterioration, 
catheter location should be guided by local practice to 
identify tissue at risk. Multiple catheters are an option in 
SAH.

Tiered approach to the clinical value of substances (TBI and SAH): Tier 1: glucose and LP 
ratio/Tier 2: glutamate/Tier 3: glycerol
Methodological recommendations of CMD

 � Catheters should be inserted according to local institutional protocols either by twist drill 
hole, transcranial bolt, or at craniotomy.

 � The first hour of microdialysate collected should not be used for clinical monitoring due to 
unreliable results caused by insertion trauma and the pump flush sequence.

 � To monitor glucose, pyruvate, lactate, glycerol, and glutamate catheters with a 20- or 100-kDa 
cut-off are available.

 � A flow rate of 0.3 μL/min with hourly sampling is recommended, which is the flow rate most 
commonly used in the cerebral microdialysis literature.

Core data reporting required in the publication of MD papers

Publication of microdialysis data should include the following information (core data reporting):
 � Catheter type
 � Catheter location based on post-insertion imaging
 � Flow rate
 � Membrane length
 � Perfusion fluid composition
 � Time from ictus to monitoring
Interpretation of cerebral microdialysis

 � Chemistry should be interpreted in the context of the clinical condition of the patient and in 
conjunction with other monitored parameters including ICP, CPP, PbtO2, PRx, and systemic 
parameters.

 � Microdialysis is a focal technique. Therefore, brain chemistry should be interpreted 
according to catheter location in relation to focal injury based on CT/MRI imaging.

ACA anterior cerebral artery, PbtO2 brain tissue oxygen, CMD cerebral microdialysis, CPP cere-
bral perfusion pressure, CT computed tomography, ICP intracranial pressure, LP lactate/pyruvate 
ratio, MCA middle cerebral artery, MD microdialysis, MRI magnetic resonance imaging, PRx pres-
sure reactivity index
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inflammation phenomena have been described that might hinder the passage of mol-
ecules from the interstitial space to the MD catheter [23]. However, it has been 
confirmed that this phenomenon has no clinical relevance during the first week of 
monitoring [23]. Another limitation of the technique is the type of molecules that 
can be determined from the use of catheters with dialysis membranes of 20 kDa. 
However, this limitation has been largely resolved, since, at present, there are 
already cerebral catheters equipped with dialysate membranes with pores of 100 
kDa. These catheters make it possible to determine larger molecules related to neu-
roinflammation phenomena and other processes involved in the pathophysiology of 
certain acute neurological lesions.

The complication rate attributed to this monitoring system in the different pub-
lished series has been much lower than that associated with the placement of an ICP 
sensor [32]. Brain MD catheters are extremely thin (0.62 mm), which minimizes the 
possibility of brain injury. No significant hemorrhagic complications or infections 
attributable to CMD have been described, probably because it is a closed circuit that is 
not manipulated (except for the exchange of microvials) for the duration of the moni-
toring. In our series [12], no clinically significant hemorrhages were observed after 
catheter implantation in 122 implanted MD catheters. In only four of these 122 MD 
catheters, the follow-up CT scan showed minute blood collections around the tip of the 
catheter (Fig. 7.6). These findings cannot be considered as true hemorrhagic complica-
tions. However, they might affect the validity of the information we obtain from the 
catheter. In this series, there were no instances of meningitis, empyema, or brain 
abscess that could be attributed to MD monitoring [12]. Moreover, the rates of compli-
cations and catheter malfunction observed after using our percutaneous technique to 
implant CMD catheters were also very similar to those reported by other studies in 
which these catheters were implanted using bolts or conventional burr holes [33–35]. 
Fractures of the catheter or microdialysis membrane are almost always due to poor 
system manipulation and decrease at the end of the learning curve of each center.

7.10  �The Future: Cerebral Microdialysis with 
High-Resolution Membranes

The appearance of 100 kDa MD membranes (also called “high resolution” mem-
branes) has allowed the recovery, directly from the brain extracellular space in vivo, 
of larger molecules such as cytokines, interleukins, and matrix metalloproteases, 
which until now had been detected only in postmortem studies. These molecules are 
key to understanding and deepening the neuroinflammatory processes that have 
been observed in the context of the neurotraumatic patient, patients with a massive 
infarction of the middle cerebral artery, or in other neurocritical patients. These 
molecules are actively involved in the formation of cerebral edema, disruption of 
the blood–brain barrier, and in the expression of adhesion proteins and tissue infil-
tration, events involved in the appearance of secondary brain lesions that can exac-
erbate the neurological damage of the patient. These membranes have allowed MD 
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to become a powerful tool for the development of translational research projects in 
neurosciences and other scientific disciplines interested in a wide variety of analytes.

Despite its advantages, some technical limitations associated with the 100 kDa 
MD membranes that affect the recovery of larger molecules must be considered in 
the clinical setting. Although their molecular weights are below the nominal cut-off 
of the membrane, and therefore are potentially recoverable, each molecule has 
unique physicochemical characteristics (e.g., tertiary/quaternary structure of the 
molecule, polarity, and hydrophobicity) that will condition its diffusion through the 
dialysis membrane. On the other hand, preliminary observations made in our unit by 
scanning electron microscopy of implanted CMD membranes have objectified 
depositions and adhesions of biological components (protein exudate) that cover the 
membrane and occlude the pores (Fig. 7.8). The formation of this bioplate (the bio-
fouling phenomena) could also affect the recovery of the membrane progressively 
throughout the days in which the catheter is implanted. These findings demonstrate 
the need to perform recovery experiments for each analyte if the aim is to extrapo-
late the actual concentration in the brain parenchyma.

The importance of the use of this neuromonitoring technique has become evident 
in the multitude of recent studies that include MD as a fundamental tool to deter-
mine the concentrations of various drugs inside the central nervous system [36–40].

Fig. 7.8  Electron 
microscopy image showing 
the pores of an explanted 
dialysis membrane. Note 
the debris attached to the 
surface of the membrane 
(arrow), which can 
interfere with the passage 
of substances through it
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7.11  �Final Considerations

CMD is an extremely sensitive technique that can provide early metabolic informa-
tion on the development of a brain lesion. The information provided by this tech-
nique is superior to that provided by any other monitoring system. Given its 
undeniable current position in research, in all probability, its use will become wide-
spread in the clinical setting in the next few years, providing new knowledge on the 
physiopathology of neurocritical patients, as well as guidance on the more effective 
and personalized treatment. However, the introduction of this monitoring system 
involves a learning curve and requires human and technical resources, which cur-
rently limit its use to certain neurocritical units.
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