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Due to the advantages of rapid and non-invasive detection of traumatic dural hematoma using near-infrared
differential optical density method, this technology has become a hot research topic in tissue optics in recent
years and has important applications in clinical emergency treatment. To further improve the detection accuracy
of traumatic subdural hematoma degree, in this paper, a multi-channel differential optical density method was
used to obtain the bilaterally-symmetric optical density data of brain. A calibration model with the optical
absorption coefficient of the brain tissue and the differential optical density was established using the partial
least squares method to predict intracranial epidural hematoma. Simulation results show that the average re-
lative error of the absorption coefficient of dural hematoma using the prediction model was 11.16% and the
average relative error on hematoma depth prediction was less than 1%. The model meets the demands of
noninvasive traumatic subdural hematoma degree detection. By introducing multi-channel differential optical
density method into the noninvasive detection of subdural hematoma, the effects of individual differences on the
detection result could be eliminated significantly and the detection accuracy of traumatic subdural hematoma

degree can be improved.

1. Introduction

Dural hematoma often occurs after traumatic brain injury. The
difficulty of accurate and timely diagnosis and treatment can lead to
irreversible brain damage and endanger the life of the patient.
Therefore, non-invasive detection of traumatic dural hematoma is al-
ways a research focus in the biomedical engineer field [1]. Traditional
imaging methods such as CT and MRI can display various parts of the
brain tissue directly and accurately. However, because of their bulky
equipment and high cost, they are not suitable for rapid and timely
diagnosis of subdural hematoma right after traumatic brain injury. The
near-infrared band from 650 nm to 900 nm is an optical window for
biological tissues. Light within this wavelength range can penetrate for
a depth of a few centimeters depth into the brain tissue and emit from
the surface. By analyzing the emitted light information, the optical
properties of the brain tissue can be obtained and rapid non-invasive
detection of brain disorders can be achieved [2]. Therefore, near-in-
frared spectroscopy has been widely used in clinical applications such
as brain function imaging [3], brain tumor imaging [4], cerebral blood
flow measurement [5] and brain hematoma detection [6].

Britton Chance from the University of Pennsylvania in the US has
proposed the determination of cerebral hematoma occurrence by
comparing the optical contrast difference between two positions in the
brain [7]. This method involves the separate detection and calculation
of optical absorbance from two positions in the brain of the same
person, and a comparison of the absorbance difference at these two
positions. Absorbance differences of 0.15 and over 0.4, correspond to
the occurrence of cerebral hypoxia and cerebral hematoma, respec-
tively. R. Salonia, and Bartlomiej et al. have conducted continuous
studies on this method [8,9]. To a certain extent, differential optical
density can eliminate the influence of individual differences on quan-
titative detection using near-infrared spectroscopy. However, because
of the fixed distance between the detector and the light source, the best
information can only be obtained within its effective detection depth
[10]. The differences in the structure and the optical parameters of the
human head, as well as the differences in the location of hematomas
and lesions can cause errors in detection performed using the differ-
ential optical density method. This method also cannot quantitatively
determine the degree of cerebral hematoma and causes inconvenience
in clinical first aid.
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In this paper, a multi-channel differential optical density method is
proposed to detect the degree of cerebral hematoma. Multi-channel
sensors located at certain interval distance were used simultaneously to
collect and analyze the emitted light signals from the targeted area, and
to calculate the differences in optical absorbance at symmetrical posi-
tions of the brain. Using the partial least squares method, a quantitative
calibration equation for multi-channel differential optical density and
the position of cerebral hematoma was established to predict the ab-
sorption coefficient of the intracranial dural position and ultimately the
degree of cerebral hematoma. Simulation results showed that the de-
tection of the degree of cerebral hematoma in different depths and
different anatomical structures of the brain can be achieved by using
the multiple-channel differential optical density method, and the in-
dividual differences can be effectively eliminated. These results provide
strong evidence for the applicability of near-infrared spectroscopy-
based rapid detection of the degree of cerebral hematoma in clinical
practice.

2. Brain optical model

According to the anatomy of the human brain, the brain model
consists of 5 layers, namely, the scalp, skull, cerebrospinal fluid (CSF),
grey matter and white matter (Fig. 1). Brain structure and optical
parameters at 840 nm wavelength are shown in Table 1 [11,12]. The
definitions of the brain parameters are as follows: n is the refractive
index, p, (cm™?') is the absorption coefficient, i, (cm ™) is the scat-
tering coefficient, g is the anisotropic factor, and d (cm) is the tissue
thickness, of which d1 is the thickness of the scalp, d2 is the thickness of
the skull. These thicknesses are different for different individual and
depend on the growing-up environment, their age, race, sex and other
factors. In general, (d1 + d2) is usually in the range of 1.0-1.7 cm [13].

Clinical cerebral hematoma can be divided into subdural hema-
toma, epidural hematoma, intracerebral hematoma and subarachnoid
hemorrhage. Most of the hematomas caused by traumatic brain injury
are subdural hematoma and are positioned extradurally or intradurally
under the skull [14], which is the third layer, i.e. the CSF layer in the
brain model. As the head skull thickness changes, the hematoma loca-
tion changes. When traumatic brain hematoma occurs, the absorption
coefficient of the brain tissue increases significantly. Clinical studies
have shown that the absorption coefficient increases over 10 times
when hematoma occurs, while the normal value of the dural absorption
coefficient is 0.05cm ™. In order to simulate different degrees of he-
matoma, in this study, the dural position y, was set in the range of
0.5-1.5cm ™! and the adjustment step was 0.1 cm ™.

In this study, the photon propagation simulation algorithm was
optimized and modified based on the Monte Carlo algorithm by pro-
fessor Wang Lihong, and the number of photons scattered from the light
source and the photon trajectory of each layer were recorded [15]. The
number of photons in this simulation was 10 the wavelength was
840 nm; the thickness of the scalp and the skull layers were set at
1.0-1.7cm with a 0.1cm step. The dural position p, was set at
0.5-1.5cm ™! with a 0.1 cm™" step, a total of 88 radial light intensity

Scalp d1

Skull d2

Cerebrospinal ~fluid

Grey matter

White matter

Fig. 1. Structure of brain model.
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Table 1

Optical parameters of Brain model at 840 nm.
Brain Layer n o (em™1) ps’lem™) g d (cm)
Scalp 1.45 0.21 18.1 0.9 d1
Skull 1.45 0.19 15.2 0.9 d2
CSF 1.45 0.05 2.3 0.9 0.2
Grey matter 1.45 0.42 20.9 0.9 0.4
White matter 1.45 0.17 86.5 0.9 3.4
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Fig. 2. (a) Light intensity distribution of light source radial with fixed d; (b)
Light intensity distribution of light source radial with fixed .

distribution measurements of the light source were obtained by MC as
shown in Fig. 2. The “SD separation” represents the distances of de-
tectors and light source. And Fig. 2(a) shows the light intensity dis-
tributions detected by detectors with different distances to the light
source when the scalp skull thickness ranged from 1.0 to 1.7 cm and the
dural position p, was 0.05cm ™', Fig. 2(b) shows the light intensity
distributions detected at different distances to the light source when the
scalp skull thickness was 1.3 cm and the absorption coefficient of the
dural position p, was 0.5-1.5cm™'. The data shows that there are
significant differences in light intensity distribution detected by the
fixed-position detectors from different individuals. The detection error
would be relatively large if a single fixed-position detector was used.
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Fig. 3. Multi-channel differential optical density detection.

3. Multi-channel differential optical absorption method

Fig. 3 shows the configuration of a brain hematoma detection
scheme using the multi-channel differential optical absorption method.
In this figure, S and S’ stand for incident optical sources, while D1-D5
and D1’-D5’ are photoelectric detectors. The detection was conducted at
symmetrical positions on the human head. First, the light intensities on
the right side of the head (R site) were detected by the 5 detectors and
denoted as I;-Is;Then, light intensities on the left side of the head (L
site) were detected by the 5 detectors and denoted asI;'-Is'. I, was the
incident light intensity for both the left and right sides. By using
Equations (1) and (2), light absorbance at each location OD;-ODs and
OD;'-ODs' can be obtained respectively.

10 .
OD; =1 -, (i=12.,5
ng(lz) ¢ ) &)

IO .
oD/ = lo = E=12.,5)
; glo( i ) @
Dividing the light absorbance of the left and right symmetrical lo-
cations, the differential absorbance can be calculated as

’

I
AOD; = OD; — OD; = logw(%) — logm(%) = 10g1o(f)’ (i=12.,5)

3

According to the differential absorbance at symmetrical head posi-
tions, information on the brain hematoma degree can be obtained. By
using the differential absorbance data from multiple positions to es-
tablish a model, the accuracy of the detection of the cerebral hematoma
can be improved effectively.

4. Hematoma prediction model establishment and results
4.1. Establishment of the prediction model

The partial least squares method (PLS) has strong anti-interference
ability. It eliminates noise and extracts useful information efficiently by
reducing the model dimensions. A PLS model uses comprehensive in-
formation. This model offers strong small-sample regression abilities
and the capacity to resist multiple linear interference from independent
variables. The 88 data samples obtained in the second section of this
paper were used as the raw data. Five detectors were placed at positions
2.5cm, 3.0cm, 3.5cm, 4.0cm and 4.5 cm from the radial position of
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Fig. 4. (a) Optimal component selection of scalp and skull thickness d. (b)
Optimal component selection of epidural position .

the light source respectively. Gaussian white noise with a 1000:1 signal
to noise ratio was added respectively to simulate a real data collection
situation. The calibration model was established based on the PLS
model, using the light intensity distributions from the positions of the 5
detectors, the differential optical absorption, epidural position y, and
scalp skull thickness d. 72 samples were randomly selected as the
modeling sample set and the remaining 16 samples were used as the
prediction sample set. By using the cross-validation method for one-by-
one elimination and 10 as the estimated total component number, the
distribution of the correlation degree of different components R-Sq is
shown in Fig. 4. The figure shows that when the component number
was 5 in both scalp and skull thickness d prediction model and the
epidural position u, prediction model, the correlations R-Sq of the
model were the best. Therefore, the component numbers for both pre-
diction models were set at Fig. 4.

4.2. PLS prediction model result

Fig. 5 shows the results from the PLS prediction model on the scalp
and skull thickness d, in which the model set prediction correlation was
99.59%; the average error was 0.0108 cm; the maximum error was
0.0318 cm. The prediction set predictive correlation was 99.65%; the
average error was 0.0115 cm; the maximum error was 0.0277 cm. Fig. 6
shows the results from the PLS prediction model on the epidural posi-
tion p,, in which the model set's predictive correlation was 88.94%; the
average error was 0.0838 cm ™!, the maximum error was 0.2593 cm ™ %;
the prediction set's predictive correlation was 86.65%; the average
error was 0.1047 cm ™~ '; and the maximum error was 0.2990 cm ™.

In this study, multi-channel differential optical absorbance
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Fig. 5. PLS prediction model on the scalp and skull thickness d. (a) Prediction
results of model set; (b) Predictive results of prediction set.

information and light intensity distribution information were both in-
troduced into epidural location i, modeling, so that multi-dimensional
data was used effectively and individual differences were eliminated.
The prediction accuracy of the model set and the prediction set and the
correlation degree between the predicted and real value meet the ac-
curacy requirements of clinical rapid and non-invasive traumatic dural
hematoma detection, providing a basis for the rapid detection of brain
hematoma based on near-infrared spectroscopy.

5. Conclusion

The scalp and skull thickness reflects the depth of the hematoma,
and different epidural positions y, reflect the degree of traumatic epi-
dural hematoma. In this study, through the analysis of multi-channel
near-infrared differential absorbance and optical intensity distribution,
the scalp and skull thickness and epidural position models were es-
tablished with high prediction accuracy. This basically meets the doc-
tor's needs for a rapid and accurate diagnosis of a patient with trau-
matic hematoma and making corresponding treatment plans. The
model can be used to test traumatic subdural hematoma patients with
different scalp and skull thicknesses with good adaptability. It provides
an important new reference for rapid detection and degree prediction of
traumatic epidural hematoma.
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of model set; (b) Prediction results of prediction set.
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