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Cerebral edema, an increase in brain tissue water 
content, is responsible for significant morbidity 
and mortality in many different disease states, 

including trauma, stroke, infection, tumor, and a host 
of chemical and metabolic intoxications. In fact, many 
patients with traumatic brain injury, worldwide the fore-
most cause of morbidity and mortality in persons under 
45 years of age, experience a rise in ICP.11,16 Such in-
creases in ICP can and often do lead to cerebral ischemia, 
herniation, and death.

Presently, there is no reliable technique to directly 
measure cerebral edema in vivo. This end point is current-
ly assessed using ICP monitors, which employ a modal-
ity less than ideal for several reasons. First, these pressure 
transducers measure the physiological effects of cerebral 
edema rather than edema itself, which, due to the nonlin-
ear compliance of brain tissue,12 is an indirect and often 
imprecise surrogate of brain edema. Second, there is great 
variability in ICP depending on the cardiopulmonary cycle, 
head position, Valsalva maneuvers, and other physiological 
variables. Because of this practical limitation of real-time 
ICP monitoring, an empirical threshold of approximately 
20 mm Hg has come to be defined as “pathological.”3,11 
In most clinical settings, threshold detection of ICP eleva-
tion is what triggers clinical intervention. Therefore, at the 
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time of intervention cerebral edema has often already pro-
gressed significantly.

Because of these limitations, we aimed to develop a 
modality for detecting cerebral edema directly. Previous 
investigators have attempted to correlate other physiolog-
ical variables to optical tissue properties, such as blood 
content, water content, and oxidation state.1,4,8,14,17,19,23,24 
However, many of these techniques are highly invasive, 
impractical for clinical translation, and/or do not yield 
real-time data.

We reasoned that during the development of cytotox-
ic edema and the concomitant reduction of extracellular 
space volume, there should be a reduction in the scattering 
of NIR light through tissue with developing edema.4,13,24,28 
Hence, a fiberoptic reflectance detector weighted toward 
the measurement of the scattering of light should theoreti-
cally allow for the direct detection of changes in light scat-
tering associated with cellular swelling (cytotoxic edema). 
Here, we report the development of 2 distinct fiberoptic 
NIR techniques to monitor the reflectance of brain tissue 
in vivo. Using these systems in a mouse model of cytotoxic 
edema, we were able to detect the early development of 
cerebral edema significantly prior to a rise in ICP.

Methods
Fiberoptic NIR Spectroscopic Detection System

An implantable fiberoptic probe was created using 
two 180-µm core diameter quartz optical fibers (Ocean 
Optics), which were polished and bound together, sepa-
rated only by their respective fiber cladding. One of these 
fibers (input end) was coupled to a stabilized 7-W tung-
sten halogen broadband NIR source and the other (output 
end) to a spectrometer coated for enhanced NIR spectral 
recording (Hamamatsu Photonics K.K./Zeiss, Inc.) (Fig. 
1 upper). Data were recorded using LabVIEW (Nation-
al Instruments) with a modified graphic user interface 
(Tec5USA). Reflectance values over the frequency range 
of 800–900 nm were integrated using 1-second sampling 
intervals.

Laser Diode-Optical Power Meter System
In these experiments, the source fiber of an identi-

cal dual-fiberoptic probe was coupled to an 850-nm diode 
laser via a collimator (TCLDM9, Thorlabs). The laser 
was driven by a laser diode power source (500-mA unit, 
Thorlabs) connected to a temperature controller (TED 
200 C, Thorlabs). The detection fiber was connected to 
an optical power meter (PM 300, Thorlabs) for detection 
of NIR reflectance data, which were captured in real time 
using the PM 300 software (Thorlabs). The 850-nm laser 
was maintained at a constant temperature of 25°C and a 
constant current of 60 mA. The optical power meter was 
connected to a computer to record and store the data in a 
similar way as for the broadband system (Fig. 1 upper).

In a subset of experiments, a temperature probe 
(Model No. TSD202F, Biopac Systems) was placed adja-
cent to the dual-fiberoptic probe. The temperature probe 
was connected to a transducer and recorded continuously 
to computer (SKT100C, Biopac Systems). The power me-

ter recordings were time synchronized to temperature 
recordings. A baseline temperature was obtained before 
switching on the laser diode. The laser diode was turned 
on at 50 mA, and concurrent temperature and power me-
ter readings were recorded for the same duration as the 
water intoxication experiments (see Methods).

We estimated the area of interrogation of the laser 
diode fiberoptic probe by using the look-ahead distance 
technique.18 Briefly, we used 7.5% agar solution and 4% 
intralipid phantom solution to ascertain the look-ahead 
distance using the solid-liquid interface changeover.

Correlation of Reflectance Probe Measurement With  
Optical Scattering Coefficient µs

To verify that our probe was weighted toward opti-
cal scattering, we used an FDPM system provided by the 
Beckman Laser Institute at UCI to determine the scat-
tering coefficient, µs, at 850 nm of 4 intralipid phantoms 
(1, 2, 4, and 8%). We interrogated these phantoms with 
the fiberoptic probe to obtain reflectance values (Fig. 1 
lower). Reflectance measurements were highly correlated 
with the FDPM-derived optical scattering coefficient, µs, 
at 850 nm (r2 = 0.9986) (p < 0.002) (Fig. 1B).
Animals

All experiments were conducted using protocols ap-
proved by the UCI Institutional Animal Care and Use 
Committee. Adult 6–8-week-old CD1 mice were used in 
all experiments. The CD1 mice deficient in the glial wa-
ter channel aquaporin-4 (AQP4 knockout mice) were also 
used as described below. These mice have normal growth, 
development, and maturation9 but have marked reduction 
in water flux across the blood-brain barrier in response to 
pathologic insults.10,26

Surgical Technique
Mice were anesthetized (80 mg/kg ketamine/10 mg/

kg xylazine) and immobilized in a stereotactic frame. Ad-
ditional anesthetic was administered as needed to main-
tain an adequate level of anesthesia. After exposing the 
skull by midline incision, a high-speed drill (Drummond 
Scientific) was used to make a 0.6-mm right-sided bur 
hole 2 mm posterior and 2 mm lateral to the bregma. A 
custom-made dual-fiberoptic probe (see below) was po-
sitioned stereotactically to a depth of 1 mm (broadband 
system) or 150 µm (laser system) into the cerebral cor-
tex. Care was taken to avoid torsion and flexion of the 
dual-fiberoptic probe. In a subset of animals (3 mice), an 
additional 0.6-mm left-sided bur hole was made with the 
identical anteroposterior and lateral coordinates to pass 
an ICP transducer (MPMS 100A-1 Micro Pressure Mea-
surement System, Biopac Systems), which was synchro-
nized to a computer and time stamped. In another subset 
of animals (6 mice), an atraumatic left-sided craniectomy 
was performed to obtain cortical biopsies (Fig. 2B). The 
craniectomy margins were the coronal suture anteriorly, 
the lambdoid suture posteriorly, and the attachment of the 
temporalis muscle laterally.
Water Intoxication Model

Cytotoxic brain edema from water intoxication was 
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produced in a similar way to that previously described.10 
After baseline data were recorded for optical scattering 
and ICP, mice were injected with distilled water (30% body 
weight, intraperitoneally). In those animals in which corti-
cal biopsies were taken, biopsies were obtained before and 
15 and 30 minutes after water injection.

Analysis of Tissue Specific Gravity

Bromobenzene-Kerosene Gravimetry. Serial cortical 
biopsies were taken in a subset of mice (6 animals) to de-
termine brain tissue specific gravity after injection of dis-
tilled water. A gravimetric density gradient column was 

prepared as previously described5,12,15 with the following 
modifications: 1) a 250-ml graduated cylinder was used 
to mix the “heavy” and “light” solutions; 2) the heavy 
solution was made using 50 ml bromobenzene and 75 ml 
kerosene, while the light solution was made using 40 ml 
bromobenzene and 85 ml kerosene.

Eight NaCl solutions of known specific gravity were 
created using the Handbook of Chemistry and Physics, 
57th edition,27 to calibrate the column and generate a 
standard curve. These solutions were created by dissolv-
ing a known amount of NaCl into 50 ml of distilled wa-
ter (Table 1). A droplet of each standard was placed into 
the column precisely over the surface. The position of the 
standard (midpoint) in the column was recorded 2 min-
utes later. This process was repeated for all NaCl stan-
dards, from which a standard curve (Fig. 2A) was con-
structed correlating specific gravity with position inside 
the cylinder. The equation generated was then used to cal-
culate specific gravity of tissue biopsy samples placed in 
the column. New standard curves were generated before 
each experiment.

Cortical Biopsy Technique. Cortical biopsies were 
taken under a dissecting microscope (magnification × 10, 
Olympus America Inc.) using 1-mm bronchoscopy for-
ceps. Serial cortical biopsies were taken before (baseline) 
and 15 and 30 minutes after injection of distilled water 
(as described above) to establish baseline and changes 
in tissue specific gravity. Acquisition of optical data was 
suspended (Fig. 2C red bars) while the biopsies were per-
formed due to saturation of the fiberoptic detector by light 
from the dissecting microscope and tissue movement 
around the fiberoptic probe. Immediately after the corti-
cal biopsies were acquired, samples were placed in the 
column and the column position was recorded 2 minutes 
after sample placement. Tissue specific gravity was cal-
culated using the equation generated from the standard 
curve.

Statistical Analysis
Baseline reflectance was defined following placement 

of probes and for at least 5 minutes prior to any experi-
mental intervention. An “optical trigger” was defined as 
a decrease in reflectance by 2 SDs from baseline. Laten-
cies from water injection to various ICP thresholds (10, 

Fig. 1.  In vivo dual fiberoptic probe assembly for detection of cere-
bral edema.  Upper: The dual fiberoptic probe  is  implanted  into  the 
brain  of  the  anesthetized mouse  in  a  stereotactic  apparatus. One  of 
the optical fibers is connected to the light source (broadband halogen 
or single-wavelength laser diode). The other optical fiber is connected 
to  the  detector  apparatus  (NIR-enhanced  spectrometer  or  avalanche 
photodiode  detector  photometer).  A mouse  ICP monitor  is  implanted 
on  the contralateral side  for continuous measurement of  ICP. Optical 
and  ICP  data  are  captured  in  real  time  and  synchronized  to  a  com-
puter.  Lower: Reflectance is correlated with optical scattering coef-
ficient  (µs).  Frequency-domain  photon migration  experiments with  in-
tralipid phantoms (1, 2, 4, and 8%) were carried out  to determine  the 
correlation of optical reflectance measured by our fiberoptic probe and 
FDPM-derived scattering coefficients. Significant correlation between 
reflectance and scattering coefficient  (µs) was observed (r2 = 0.9986, 
p < 0.002). Inset shows the wavelength (λ, nm) × µs (mm−1) values de-
rived from the FDPM instrument (see Methods). TABLE 1: Standard solutions for gravimetric column*

NaCl Concentration (g/50 ml) Specific Gravity (g/cm3)

2.5848 1.0354
2.8018 1.0386
3.1286 1.0434
3.4555 1.0482
3.6713 1.0513
4.1108 1.0577
4.5037 1.0635
5.0024 1.0707

*  The  NaCl  concentrations  are  shown  with  their  respective  specific 
gravities for each of the 8 standard solutions.
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15, and 20 mm Hg) were calculated post hoc. Reflectance 
measurements were compared with gravimetric data using 
linear regression analyses, and reflectance measurements 
were compared with FDPM-derived scattering coeffi-
cients. We used a t-test to analyze scattering differences 
between wild-type and aquaporin-4 null mice. Intracranial 
pressure waveforms recorded at 10 Hz in Acknowledge 
software (Biopac Systems, Inc.) were postprocessed using 
the smoothing function with a mean of 10 values per sec-
ond to derive second-long bins of mean ICP measurements 
and determine ICP cutoffs of 10, 15, and 20 mm Hg.

Results
Fiberoptic NIR Reflectance Correlates With Cortical Tissue 
Specific Gravity

To test whether our reflectance probe provides a di-
rect measure of cerebral edema, fiberoptic NIR reflec-
tance from 800–900 nm was measured while serial corti-
cal biopsies for tissue specific gravity measurement were 
taken before and during water intoxication (Fig. 2B). We 
observed a consistent drop in reflectance following in-
traperitoneal injection of distilled water (Fig. 2C upper). 

Fig. 2.  Near-infrared optical reflectance is proportional to brain tissue water content.  A: Standard curve constructed from 
the positions of the saline standards in the gravimetric column (see Methods). Specific gravities of cortical biopsies were then 
calculated using the equation generated from this curve.  B: Exposure immediately prior to baseline biopsy via an atraumatic 
left-sided craniectomy. The dual-fiberoptic probe has been passed into the right cerebral cortex through a single bur hole.  C: 
Near-infrared reflectance measurements obtained during acute water  intoxication. Before and after  injection of distilled water 
(30% body weight, intraperitoneally [dashed line]), serial cortical biopsies were obtained (baseline and at 15- and 30-minute time 
points [arrows]). Red bars indicate time periods during which data acquisition was suspended (see Methods). Upper: Note the 
sustained drop in reflectance following injection. Lower: A plot of reflectance versus tissue specific gravity in the same animal. 
Note that the reflectance is correlated to tissue specific gravity (r2 = 0.9957 in this animal).  D: Attenuated reflectance change in 
aquaporin-4 knockout (AQP4−/−) mice. As in wild-type mice, in AQP4−/− mice there was a linear relationship between reflectance 
and tissue specific gravity in all animals (3 animals [data not shown]; r2 = 0.983). There was a statistically significant decrease in 
mean reflectance change (*p < 0.05) in AQP4−/− mice compared with wild-type mice.
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There was a significant correlation between reflectance 
change and tissue specific gravity in this example (Fig. 2C 
lower), a relationship that held across all wild-type mice 
(3 animals [data not shown], r2 = 0.998). Control animals 
showed no change in reflectance signal or tissue specific 
gravity after injection of saline (30% body weight, intra-
peritoneally) (2 animals [data not shown]).

To further validate this change in reflectance as that 
of a consequence of water intoxication, we repeated this 
experiment in AQP4−/− mice. As stated, these mice lack 
the primary water transport channel of both human and 
mouse CNS, AQP4, which has been shown to result in 
impaired water transport across the brain.10,26 Once again, 
there was a correlation between changes in reflectance 
and tissue density in this subset of animals (3 mice; r2 = 
0.983). Interestingly, the magnitude of reflectance change 
in AQP4−/− mice was significantly less (p < 0.05) than 
that of wild-type mice (Fig. 2D). Together with the previ-
ous experiments, this result indicates that our reflectance 
probe correlates with brain tissue specific gravity.

Fiberoptic NIR Monitoring Allows for Detection of  
Cerebral Edema Before ICP Increases

Broadband System. Having verified that our fiberop-
tic probe does measure cerebral edema, we compared our 
method with ICP measurement, the current clinical stan-
dard. In these experiments, an ICP transducer was placed 
through a bur hole into the left cerebral cortex (Fig. 3A). 
As before, after injection of water, we observed a progres-
sive and sustained decrease in reflectance (Fig. 3B). This 
decrease occurred long before a rise in ICP. In fact, in this 
example, a significant change in reflectance (defined as a 
decrease in reflectance greater than 2 SDs from baseline) 
occurred 21.2 minutes before a pathologically increased 
ICP of 20 mm Hg was reached. On average, there was a 
significant change in scattering coefficient 27.9 minutes 
prior to ICP reaching 20 mm Hg, with a maximum lead 
time of 43.4 minutes. Summary data indicated that the 
optical trigger was consistently reached earlier following 
water injection than the ICP threshold values of 10, 15 
and 20 mm Hg (3 animals) (Fig. 3C).

Laser Diode-Power Meter System. The aforemen-
tioned experiments determined that integration of NIR 
reflectance from 800 to 900 nm from a broadband source 
was useful for detecting cerebral edema. However, we no-
ticed that, with our broadband source and with this inte-
gration technique, there was significant baseline variation 
in our optics setup. Therefore, we reasoned that a single-
wavelength laser diode at 850 nm might provide a more 
stable NIR optical source, and we coupled this to a sensi-
tive avalanche photodiode detector (optical power meter) 
(Methods). Using this system, we indeed observed much 
less baseline optical power variation and reflectance varia-
tion. As before, reduction in reflectance occurred early af-
ter water injection in all cases. In the example shown (Fig. 
4A), the optical trigger (defined as a 2-SD reduction from 
baseline reflectance) occurred 31 minutes before the ICP 
monitor rose to 20 mm Hg. In these experiments, as the 
ICP rises, the variability of the ICP waveform increases 
(Fig. 4A insets). These observations were uniformly seen 

in all animals (3 mice). In control mice injected with nor-
mal saline, ICP and the optical readings remained at base-
line throughout the duration of the experiment (Fig. 4B) 
(representative of 3 control mice).

Thus, this laser diode-power meter system provided 
improved optical stability at baseline and detected cere-
bral edema in water-injected animals early in the course 
of brain swelling. In all mice (3 animals), the optical trig-
ger occurred many minutes before the pathological rises 
in ICP to 10, 15, or 20 mm Hg (p < 0.001 compared with 
all 3 ICP thresholds) (Fig. 4C).

In addition, we observed no increase in brain tem-
perature even following prolonged periods (> 2 hours) 
with the laser at 50 mA. At 50 mA of power (used in the 
water intoxication experiments), the look-ahead distance 
(defined in Methods) was determined to be 5 mm (Fig. 
4D). We also determined that the power of the laser diode 
is linearly related to the look-ahead distance (Fig. 4D).

Discussion
We developed a novel fiberoptic NIR probe that pro-

vides direct measurement of cerebral edema through mea-
surement of optical scattering. First, using intralipid phan-
toms, we found that reflectance measurements taken with 
the probe were highly correlated to optical scattering co-
efficient. Second, using bromobenzene-kerosene gravim-
etry of cortical biopsies, we established our fiberoptic NIR 
technique as a sensitive measure of brain edema. Third, we 
demonstrated reduced reflectance change in AQP4−/− mice, 
which lack the primary glial water channel in the brain. 
Fourth, to establish this technique as a clinically relevant 
method, we were able to detect cerebral edema significantly 
prior to any change in ICP. Fifth, we optimized our source 
(850-nm NIR laser diode) and detector (sensitive avalanche 
photodiode detector) for even better optical stability and 
earlier detection.

Intracranial pressure monitoring is the current clini-
cal standard for detecting cerebral edema but has several 
disadvantages. First, ICP monitors are susceptible to great 
baseline variability,3 often making the interpretation of 
absolute pressure and subsequent increases in pressure 
difficult. Second, as absolute pressure increases, signal 
variability increases (as shown also in our studies). Third, 
ICP waveforms fluctuate with changes in blood pressure, 
respiration, head position, exercise, and any types of Val-
salva maneuver.3 However, the most significant disadvan-
tage of ICP monitoring is the fact that due to the nonlinear 
compliance of brain tissue, significant edema can develop 
before ICP elevates.

In contrast, fiberoptic NIR detection allows for direct 
interrogation of cerebral tissue. The Mie theory predicts 
that the optical scattering coefficient varies with the size 
and concentration of scattering moieties. The most likely 
candidates for scattering moieties in the brain include mi-
tochondria, other large organelles and proteins, and plas-
ma membranes.20,22 Theoretically, as edema progresses, 
the distance between these organelles increases and thus 
the volumetric concentration of scatterers decreases. Our 
results indicate that reduction in optical scattering can be 
detected in real time. Near-infrared detection was previ-
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ously employed in a pioneering study of cerebral edema,24 
which partially inspired our current study. In that study, 
NIR of 850-nm wavelength was used in mouse brain slic-
es and in vivo through intact skull. The authors of that 
study found, similar to our current study but using dif-
ferent instrumentation, that during brain tissue swelling 
due to water intoxication there is an increase in NIR light 
transmittance (through brain slices), likely due to reduced 
scattering as in our current study. The changes in NIR 
signal were markedly attenuated in AQP4−/− mice.24

Fiberoptic tissue interrogation presents several tech-
nical challenges. Movement artifact and bleeding can 
produce optical data that cannot be interpreted. There-
fore, we maintained rigid skull fixation and placed the 
probes away from blood vessels. Furthermore, significant 

differences in scattering coefficient between gray and 
white matter necessitate consistent depth of probe place-
ment. To eliminate probe torsion and microbending dur-
ing brain swelling, we configured the bur hole diameter to 
precisely accommodate the diameter of the dual-fiberop-
tic probe. Due to the relatively small overall magnitude 
change in reflectance signal (approximately 2–10% from 
baseline), maintenance of stable source-detector fiber tip 
separation was crucial. We found that the distance be-
tween the optical probes was inversely related to optical 
reflectance (as expected by inverse square law [data not 
shown]). Lastly, we chose the 800–900-nm range because 
of the relatively low water and hemoglobin absorption co-
efficients at these wavelengths.6 This also accounts for the 
choice of the 850-nm single-wavelength laser diode. Fur-

Fig. 3.  Early detection of cerebral edema with a fiberoptic NIR system using a broadband halogen light source.  A: A dual-
fiberoptic probe is passed into the right cerebral cortex through a bur hole while the ICP monitor is placed contralaterally.  B:  
Intracranial pressure measurements (upper portion of graph) before and after the injection of distilled water (30% body weight, 
intraperitoneally [black arrows]). Near-infrared reflectance measurements obtained with fiberoptic probe (lower portion of graph). 
In this example, the optical trigger (vertical blue line, for significant decline in baseline reflectance; see Methods) occurs 21.2 
minutes prior to reaching a pathologically increased ICP of 20 mm Hg.  C: Latency between injection of water (Time Point 0), 
optical trigger, and defined threshold ICP values (3 animals; mean ± SEM). Optical trigger for a decline in reflectance occurs well 
before threshold rises in ICP to 10, 15, or 20 mm Hg. **p < 0.02 compared with 10, 15, or 20 mm Hg.
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ther studies could evaluate other single-wavelength NIR 
laser diodes for comparison.

The main advantages of our optical approach are that 
cerebral edema can be detected early in a real-time and 
minimally invasive manner. This may allow for earlier 
initiation of appropriate treatments, such as hyperosmo-
lar therapy.2 Therefore, our NIR probe may prove to be a 
unique diagnostic tool in a variety of disease states associ-
ated with cerebral edema. For example, cerebral ischemia 
results in cytotoxic edema (with a contribution from va-
sogenic edema hours to days later secondary to endothe-
lial cell dysfunction).7,21,25 Therefore, as it detects cytotoxic 
edema, our system may prove to be a sensitive detector of 
early cerebral ischemia. Another important clinical prob-
lem is traumatic brain injury and posttraumatic edema, in 

which cytotoxic edema is thought to predominate.11 Fi-
beroptic NIR monitoring may provide a timely warning of 
stroke or traumatic brain injury, obviating the need to wait 
for a clinical suspicion to develop prior to the consideration 
of appropriate diagnostic tests and interventions.

Conclusions
In summary, we have validated a dual-fiberoptic NIR 

probe in the early identification of cerebral edema before 
increases in ICP. The power of fiberoptic NIR detection 
lies in its ability to assess brain tissue directly without rely-
ing on late changes in ICP. This technique will need to be 
validated in other models of cerebral edema—for example, 
traumatic brain injury and ischemia. Conceivably, sensitive 

Fig. 4.  Early detection of cerebral edema with a single-wavelength NIR  laser diode-power meter system.  A:  Intracranial 
pressure recordings (upper portion of graph) before and after the injection of distilled water (30% body weight intraperitoneally 
[black arrows]). Reflectance measurements in nanowatts obtained with dual-fiberoptic probe (lower portion of graph) (see Meth-
ods). In this example, the optical trigger (vertical blue line) occurs 31 minutes prior to reaching the pathologically increased ICP 
of 20 mm Hg. Left inset: Baseline ICP waveform with low (< 5 mm Hg) variability. Right inset: Intracranial pressure waveform 
at higher pressure with increased amplitude of variability (> 5 mm Hg) compared with baseline ICP.  B: Intracranial pressure 
recordings (upper portion of graph) before and after the injection of normal saline (30% body weight, intraperitoneally; black ar-
rows).  The reflectance measured in nanowatts (lower portion of graph) obtained with dual fiberoptic probe. In this example, the 
ICP recording shows a steady baseline unaltered by normal saline injection. Also, the reflectance remains stable throughout the 
length of the experiment.  C: Time interval between water injection (Time Point 0), optical trigger, and defined threshold ICP 
values (3 mice; mean ± SEM). The optical trigger (double asterisks) is detected significantly earlier than any of the ICP thresholds 
(p < 0.001).  D: Relationship of look-ahead distance to laser diode power using a solid-liquid interface. Laser diode power was 
linearly related to the look-ahead distance (as defined in Methods).
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optical detection of focal changes in NIR reflectance could 
serve as a powerful early diagnostic tool in diverse disease 
states.
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