
  

  

Abstract— Cerebral Autoregulation (CA) refers to the 

capability of the brain to maintain a more or less stable 

cerebral blood flow (CBF), despite the changes in blood 

perfusion. Monitoring this mechanism is of vital importance, 

especially in neonates, in order to prevent damage due to 

ischemia or hemorrhage. In clinical practice near-infrared 

spectroscopy (NIRS) measurements are used as a surrogate 

measurement for CBF. However, NIRS signals are highly 

dependent on the variations in arterial oxygen saturation 

(SaO2). Therefore, only segments with relatively constant SaO2 

are used for CA assessment; which limits the possibilities of the 

use of NIRS for online monitoring. In this paper we propose the 

use of subspace projections to subtract the influence of SaO2 

from NIRS measurements. Since this approach will be used in 

an online monitoring system, this preprocessing is carried out 

in a window-by-window framework. However, the use of 

subspace projections in consecutive segments produces 

discontinuities; we propose a methodology to reduce these 

effects. Obtained results indicate that the proposed method 

reduces the effect of discontinuities between consecutive 

segments. In addition, this methodology is able to subtract the 

influence of SaO2 from NIRS measurements. This approach 

facilitates the introduction of NIRS for online CA assessment. 

 

I. INTRODUCTION 

Cerebral autoregulation (CA) is the capability of the brain 
to maintain a more or less constant cerebral blood flow 
(CBF) despite changes in mean arterial blood pressure 
(MABP). Cerebral autoregulation was first described in [1], 
where experimental measures showed that CBF was kept 
more or less constant along a large range of MABP values. In 
the literature it is mentioned that this mechanism may be 
impaired, or immature, in premature neonates [2], [3]. 
Impaired CA may lead to cerebral damage due to ischemia, 
in case of low MABP values, or hemorrhage, in case of high 
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MABP values. Therefore, it is of vital importance to monitor 
CA in this population.  Even though, strong evidence that 
links CA impairment with cerebral lesion is still scarce.   

Assessment of CA is based on the quantification of the 
strength in the relationship between MABP and CBF. 
However, measurements of CBF are difficult to obtain 
continuously in a clinical environment. For this reason 
surrogate measures are used in practice. Near-infrared 
Spectroscopy (NIRS) is a technology that measures the 
variations in oxy- and deoxy-haemoglobin. From these 
measurements the tissue oxygenation index (TOI), defined as 
the percentage of oxygen available in the tissue, and the 
difference in haemoglobin concentration (∆HbD) can be 
computed. The expressions to calculate these values are 
shown in (1). 
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Where HbO2 and HHb represent oxy- and deoxy- 
hemoglobin concentrations, respectively, k is a contants, 
∆HbO2 and ∆HHb represent the changes in oxy- and deoxy-
haemoglobin concentrations, respectively. In [4] it was 
shown that TOI measurements are more appropriate for 
cerebral autoregulation assessment, since they are less 
affected by movement artifacts. In [5] the authors described 
that, under a constant brain metabolic demand and constant 
arterial oxygen saturation (SaO2), changes in TOI and HbD 
represent changes in CBF. Several studies have been 
presented in the literature that evaluates the use of NIRS as a 
promising tool for cerebral haemodynamics monitoring, [6], 
[7], and [8]. 

In premature neonates it can be assumed that the cerebral 
metabolic demand is constant during the first days of life.  
However, changes in SaO2 influence directly changes in TOI 
or HbD. For this reason, only segments with stable SaO2 are 
used for CA assessment. This limits the possibilities of NIRS 
to be used for online CA monitoring. This limitation can be 
mitigated by an appropriated preprocessing algorithm, which 
eliminates the influence of SaO2 on TOI/HbD. In a previous 
study we presented an algorithm, based on the use of 
orthogonal and oblique subspace projection techniques 
(OrSP), to decompose a target signal in a set of signals 
related to a given basis. In this study we exploit the use of 
this algorithm as a preprocessing step for CA assessment [9].  

However, OrSP is a frame based approach, and the 
computation of the projection matrices is done using the 
available data in the frame. Therefore, projections in 
consecutive frames may present high discontinuities, mainly 
due to border problems. Moreover, the length of the frame is 
limited by the hardware characteristics; a frame longer than 
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Figure 1.  Representative recording. From top to bottom, SaO2, 

MABP , ∆HbD in arbitrary units, and TOI. A strong relation between 

SaO2 variations and TOI/∆HbD is shown. 

3000 data points will require a high computing power to be 
processed, which is not suitable for online monitoring. In 
order to cope with this problem, we propose to reduce the 
influence of continuous frames by including a prediction 
horizon and reducing the difference in the mean value 
between the projections in the actual and previous frame. 

II. ORTHOGONAL AND OBLIQUE PROJECTIONS 

A projection is a linear transformation that maps any 
vector in the column space defined by some basis, from 
which the projection operator was derived. There are two 
kinds of projection matrices, orthogonal and oblique 
projections. Orthogonal projections project orthogonally any 
vector onto the column space defined by a basis; while 
oblique projections project the vector onto the column space 
defined by the basis along the direction of a reference 
subspace. The orthogonal projection can be seen as a special 
case of an oblique projection, where the reference subspace is 
orthogonal to the subspace defined by the given basis. In [10] 
the use of orthogonal and oblique subspace projections in 
signal processing applications is presented. A more 
theoretical background about projection matrices can be 
found in [11]. 

A. Projection Matrices 

Let the matrix X of size mxn be composed of the vectors 
{x1 x2,…xn}, with xi∈ℜ

m, in its columns. Assuming that X is 
full rank (rank = n, with m>n) the vectors {x1, …, xn} form a 
basis for the column space of X. The orthogonal projection 
matrix can be calculated as P = X(X

T
X)

-1
X

T. Now let the 
matrix Z of size mxr composed of the vectors {z1 z2,…zr}, 

with zi∈ℜ
m, in its columns, represent a reference subspace. 

The oblique projection onto the column space of X along the 

column space of Z,
ZX

P , is given by  (2). 
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Where 
ZZ PIQ −=  represents the orthogonal projection 

onto the null space of Z
T, N(Z

T
), with Pz the orthogonal 

projection onto the column space of Z, C(Z).  

B. Consecutive Projection Matrices 

The calculation of a projection matrix is a O(N
3
) 

operation; therefore, for large N a faster approach will be to 
segment the data into smaller windows, and perform  the 
calculation in each individual window. In addition this 
segmentation also reduces the effect of nonstationarities. 
Present in each frame which implies that the projection 
matrices are likely to change from frame to frame. Hence, the 
projections on consecutive frames might present high 
discontinuities in the borders. Therefore, the use of this 
approach, without correction, in monitoring applications is 
not feasible. 

There are several sources for the discontinuities between 
consecutive frames, as given below: 

• In the calculation of projection matrices the data should 
be centered, differences in the centering between 
consecutive frames produce differences when the data 
are projected. This bias effect is mild and can be 
corrected by overlapping consecutive frames and 

computing the bias between the projections in the 
previous and the actual frame. 

• Border distortions also introduce an error in the 
projections. This effect can be reduced by including a 
future horizon in the basis. Consider the observation 
matrix X defined before, and a future horizon Xf of size 
pxn, the projection matrix can be calculated using the 
extended matrix XE = [X ; Xf]. By projecting the data 
onto this new subspace and removing the last p data 
points, the border problem is reduced. 

• Consecutive projectors in time might represent the 
same subspace, but the projections can present a change 
in phase of 180˚. This problem can be addressed by 
overlapping consecutive segments and checking the 
sign of the correlation between the projections in the 
overlapped segment. This correlation should be 
positive; in case of negative correlation the projection 
in the new frame should be inverted. It is important to 
note that the longer the overlap the more reliable the 
correlation estimator.  

• Finally, changes in the dynamics of the system, due to 
non-stationarities, affect the column space defined by 
the basis. This problem is not completely addressed in 
this study. However, by the inclusion of a future 
horizon and an overlapping between consecutive frames 
these changes are smoothed. 

III. METHODS 

 Recordings from 20 infants from the University Hospital 
Leuven (Belgium), with a gestational age of 28.4±3.5 weeks 
and a birth weight of 1113±499 grams were used in this 
study. In all infants the peripheral oxygen saturation (SaO2) 

was measured continuously by pulse oximetry, and MABP 
by an indwelling arterial catheter. With NIRS, the ∆HbD and 
the tissue oxygenation index (TOI) were continuously and 
non-invasively recorded using the NIRO 300 (Hamamatsu). 
MABP, SaO2 and NIRS signals were simultaneously 
measured during the first three days of life and downsampled 
at 0.333Hz. The total length of the recordings was 6-9 hours. 
The recordings were segmented in epochs without movement 
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Figure 2. TOI projection onto the subspace defined by SaO2 and the 

subspace defined by MABP. From top to botton: SaO2 variations, TOI 

variations, and finally the decomposition of the TOI. 

 
Figure 3. Differences between consecutive projections using a sliding 

window approach with (black line) and without (gray line) correction 

for discontinuities. The upper figure represents the projection of the 

TOI onto the MABP subspace along the SaO2 subspace; while the 

bottom figure represents the projection of the TOI onto the SaO2 

subspace along the MABP subspace. 

artefacts. These epochs were used for further processing.     

In figure 1 a representative recording, where variations in 
SaO2 are noticeable, is shown. This recording belongs to a 
premature infant during his first day of life and is l37 minutes 
long. This recording will be used in order to illustrate the 
performance of the method presented in this paper. 

Two different analyses were performed. In the first 
analysis the complete recording was used in order to illustrate 
how the orthogonal projection algorithms can be applied. In 
the second analysis a sliding window was used to simulate 
the effect of continuous monitoring. For the first analysis the 
subspaces for the MABP and SaO2 were defined as follows:  

• A discrete wavelet transformation, of 4 levels using 
Daubechies 4 as mother wavelet, was applied to the raw 
data [12].  

• A block Hankel matrix is created using the results 
obtained from the wavelet transform, using a delay up to 
10 samples. 

• The projection matrices onto MABP along SaO2, and 
onto SaO2 along MABP were computed as indicated in 
(2). 

• The TOI was projected onto these subspaces. 
 

For the second analysis, the signal was segmented in 
consecutive windows of 400 samples (20 minutes) with a 
future horizon of 40 samples (2 minutes), an overlapping of 
18 minutes between consecutive frames was used in order to 
produce a new projection every 2 minutes. For each frame 
the projection matrices were calculated following the same 
procedure explained before. Correction for the bias was 
performed as explained before. 

Furthermore, correlation and coherence values between 
TOI, before and after preprocessing, and SaO2 were 
computed in order to evaluate the overall performance of the 
method. Coherence coefficients were averaged in the 
frequency range (0-0.1Hz). This frequency band was selected 
since TOI correlates with changes in cerebral blood flow in 
frequencies below 0.1Hz [5]. 

IV. RESULTS 

In figure 2 the results for the projection of the TOI, using 
the complete set of measurements, are presented. The TOI 
was decomposed in two signals, one related to the dynamics 
of SaO2 and another one uncorrelated to it. 

In figure 3 the results of the projection of TOI onto the 
subspaces defined by MABP and SaO2 are shown. The gray 
line represents the use of a sliding window without the use of 
a future horizon or bias reduction, the black line represents 
the results using the proposed method. The upper figure 
shows the projection onto MABP along SaO2, while the 
bottom figure shows the projections onto SaO2 along MABP. 
As can be seen, both projections produce similar results in 
the first frame (0-18 minutes) but they start to diverge from 
that point on. Large differences can be observed when 
comparing the projections onto the subspace defined by the 
SaO2. In particular, around minute 90 a large discontinuity is 
depicted. It can be seen that by including the proposed 
correction this discontinuity is reduced. The larger difference 

on the projections onto the subspace defined by SaO2 might 
be explained by the low frequency content of the SaO2 signal, 
since slow oscillations will produce large changes in the 
mean value between consecutive frames. Figure  4 shows the 
results for the proposed methodology and the projections 
using the complete set of measurements.  It can be seen that 
the projections onto the SaO2 using both methods are similar, 
while, the projections onto the MABP differ largely. This 
effect can be attributed to the presence of nonstationarities. 
Since the relation between TOI and MABP is affected by CA 
mechanisms that vary in time, when using a large frame that 
contains nonstationarities, the corresponding projection 
matrix will represent the subspace defined by the average of 
the nonstationarities present in the frame. By reducing the 
frame length, the amount of nonstationarities is reduced, and 
the subspace represented by the projection matrices will be 
more related to the local behavior of the signals in that time 
frame. Therefore, variations in the projections of TOI onto 
the MABP subspace when using larger and shorter frames are 
expected.  

In table 1 the results for the correlation and coherence values 
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Figure 4. Differences between projections using a complete set of 

measurements(black line) or the proposed sliding window approach 

with correction for discontinuities (gray line). 

between the TOI, before and after the preprocessing, and 
SaO2 are shown. The values are presented as median, 25th 
and 75th percentile. It can be seen that the preprocessing 
reduced the correlation and coherence values between SaO2 
and TOI. A larger reduction is observed in the correlation 
coefficients, this is due to the fact that the projection 
matrices tend to reduce the correlation coefficients, and not 
the coherence. Since an oblique projector is being used, the 
correlation values are not zero. Coherence values are quite 
low before preprocessing, this is due to 2 main factors: first 
of all the coherence between TOI and SaO2 is expected to be 
higher in low frequencies, by averaging up to 0.1Hz the 
coherence values will be damped by the influence of 
incoherent high frequency bands close to 0.1Hz; second, in 
the analyzed dataset there were not many segments with 
huge variations in SaO2 which produced lower values of 
coherence before preprocessing. 

V. CONCLUSION 

In this study we have shown that orthogonal and oblique 
subspace projection algorithms can be adapted for online 
monitoring applications. A methodology to reduce the effect 
of discontinuities in the projections of consecutive segments 
has been proposed. We have explored its use as a 
preprocessing step in the CA framework, where the influence 
of SaO2 on NIRS derived signals has been subtracted. 

Under conditions of stationarity the proposed consecutive 
projections, using a sliding window approach, converge to 
the projections using the complete set of measurements. 
However, in the presence of nonstationarities both 

projections diverge, since the sliding window approach will 
represent the local behavior of the signals, while the 
projections using the complete set of measurements will 
represent an average of the signals behavior in that window. 
The selection of the window length depends on a trade-off 
between the slowest dynamics of interest and the reduction of 
nonstationary effects. Further research to indicate the optimal 
size of the window using this methodology is needed. 
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Table 1. Correlation and coherence values between SaO2 and TOI before and 
after preprocessing. Values presented as median (25th  - 75th percentile) 

 
Before 

Preprocessing 

After 

Preprocessing 

Correlation 
0.38 

(0.16-0.60) 
0.20 

(0.06-0.38) 

Coherence 
0.18 

(0.15-0.23) 
0.14 

(0.13-0.16) 
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