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PURPOSE
Nowadays, dynamic susceptibility 

contrast (DSC) perfusion magnetic reso-
nance (MR) imaging actively used in the 
diagnostic and management of cerebro-
vascular and oncological diseases [1, 2]. 
In this technique the first pass of a con-
trast bolus through examined brain tissue 
is tracked by a dynamic series of 
T2-weighted or T2*-weighted MR imag-
es. Each voxel of such images represents 
tissue signal attenuated by a susceptibili-
ty-induced signal loss that is proportional 
to the amount of contrast agent in the 
microvasculature. Signal intensity-time 
curves generated from single-voxel or 
voxels region are used to calculate various 

perfusion parameters (rCBV, rCBF, MTT 
etc.) and to create color maps of regional 
perfusion.

Poor detection of perfusion region of 
interest (ROI) leads to numerous artifacts 
on produced color maps and can cause 
wrong quantitative assessment of perfu-
sion parameters [3, 4]. The general appli-
cability of CUSUM filter in the scope of 
brain segmentation on DSC perfusion 
MR images was shown in previous studies 
[5, 6]. However, a fast initial response 
(FIR) feature for CUSUM filter can per-
mit more rapid response to the out-of-
control situation [7], as a result this fea-
ture for CUSUM filter applicable for brain 
segmentation on DSC perfusion MR im-
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ages can decrease processing time. On the 
other hand, as the number of analyzed 
points on motion trajectory should be 
minimized, utilization of the FIR feature 
can minimize cases with loops inside one 
region, e.g., when motion trajectory 
makes a full circle inside one region with-
out returning to the boundary. Removing 
such loops can positively impact segmen-
tation results through the detection of 
more smoothed boundaries of the brain.

The purpose of this study is to analyze 
the influence of turning angle on the be-
havior of motion trajectory base on the 
assessment of the results of brain segmen-
tation with CUSUM filter on DSC perfu-
sion MR images.

Therefore, the aim of this study is an 
analysis of the impact of fast initial re-
sponse feature on the results of brain 
segmentation on DSC perfusion MR im-
ages with CUSUM filter.

MATERIALS AND METHODS
In terms of statistics, the CUSUM fil-

ter is used to detect a change-point [8]. 
The change-point of a process distur-
bance is considered to be found when the 
value of the cumulative sum exceeds the 
decision interval. At the time of continu-
ous monitoring of the process cumulative 
sum value is reset to zero after change-
point detection and the search process of 
new change-points continues.

Usage of CUSUM filter for image seg-
mentation is an iterative process of point 
detection that belong to the ROI bound-
aries. In the case of brain segmentation, 
boundary detected with CUSUM filter 
separates image on 1Ω  and 2Ω regions, 

which correspond to brain region and 
background (non-brain tissues and air 
pixels) region, respectively. Points for fil-
tering are iteratively accumulated at the 
time of moving on a trajectory along the 
boundary between these two regions. At 
the time of image points accumulation 
CUSUM decision function filters them 
for belonging to change-points. As a point 
is filtered as a change point, it is consid-
ered that a moment of crossing from one 
image region into another has arrived and 
this point is marked as a boundary point.

The cumulative sum for two-sided 
CUSUM filter that adopted to detect 
brain boundaries on DSC perfusion MR 
images [4] is defined as follows:
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where iI  – image intensity at a point i; 
1µ  and 2µ  – mean value of the previous 

observations of image point intensities in 
brain region and background region, re-
spectively; +S  and −S  – cumulative sums 
for upper-sided CUSUM filter (moving 
from background into the brain) and 
lower-sided CUSUM filter (moving from 
the brain into background region), re-
spectively. Decision function determines 
image points as boundary points at steps 
when 21 µµ −>+S  for upper-sided CU-
SUM filter and )( 21 µµ −−>−S  for lower-
sided CUSUM filter.

In the case of applying of FIR feature 
for the CUSUM filter, the cumulative sum 
value is not reset to zero after change-
point detection. Instead, the cumulative 
sum value is set to something other than 
zero (called a “head start”) [7]. In this 
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study “head start” value was set as a half 
of the cumulative sum value that was ob-
tained in the region from the previous 
step of the algorithm.

CUSUM filtering scheme is designed 
to use the past information along with the 
current information that makes it very 
sensitive to shifts in the process parame-
ters [9]. Taking into account that the 
CUSUM filter adopted to detect brain 
boundaries uses mean as process param-
eter [6], analysis of the FIR feature impact 
was done for two cases. In the first case, 
mean for CUSUM statistics was estimated 
from n previous points obtained in the 
region: 1Ω  region for −S  statistics and 

2Ω  region for +S  statistics. In the second 
case, mean estimation was done only 
from points obtained in the region from 
previous steps of algorithm excluding 
points obtained during the current search 
process. In the current study, the value of 
n was set equal to 45.

To estimate the quality of brain seg-
mentation on DSC perfusion MR images 
through the applying FIR feature for the 
adopted CUSUM filter, DSC head MR 
datasets from 3 patients with cerebrovas-
cular disease were used. 17  slices with 
40  dynamic images for each slice were 
acquired from each patient on a 3.0  T 
scanner (Achieva, Philips Healthcare, 
Best, the Netherlands); images were col-
lected in 12-bit DICOM (Digital Imaging 
and Communication in Medicine) for-
mat. Imaging parameters of MR scanning 
were: RT = 1500  ms, ET = 30  ms, FA = 
90º, FoV = 23  x 23  cm, image matrix = 
256 x 256, slice thickness = 5 mm, and gap 
= 1 mm.

The results of brain segmentation with 
CUSUM filter were compared with a ref-
erence standard that is perfusion ROI 
manually marked by an experienced radi-
ologist and confirmed by a second one. 
Dice similarity index was used as a valida-

Figure 1: Box-and-whisker plot of Dice similarity indices: a – CUSUM statistics based on 
points previously obtained in the region; b – CUSUM statistics based on points obtained in 
the region from previous steps of algorithm excluding points from the current search 
process.
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tion metric to assess the spatial overlap 
accuracy of segmented brain ROI and 
reference standard.

RESULTS
In the first analyzed case, average Dice 

similarity indices were 0.9739  and 
0.9827 for results obtained with and with-
out applying the FIR feature for CUSUM 
filter, respectively. In the second analyzed 
case, average Dice similarity indices were 
0.9736  and 0.9807  for results obtained 
with and without applying the FIR feature 
for CUSUM filter, respectively. Box-and-
whisker plot of Dice similarity indices 
across all analyzed images is given in Fig-
ure 1.

Results of brain segmentation on DSC 
perfusion MR image with the usage of 
CUSUM filter according to representative 
cases are shown in Figure 2, where 
zoomed-in samples of the same region 
show the impact of FIR feature on the 
brain boundary detection.

The total number of processed points 
was decreased by 27.01% and by 21.18% 
for the first analyzed case and the second 
analyzed case, respectively. At the same 
time, the total number of boundary points 

was increased by 44.49% and by 66.41% 
for the first analyzed case and the second 
analyzed case, respectively.

The average processing time per im-
age decreased after applying the FIR fea-
ture for the CUSUM filter from 32.2ms to 
25.6ms for the first analyzed case and 
from 31.8ms to 26.2ms for the second 
analyzed case, respectively (Intel Core i5-
460M 2.53 GHz, single-threaded).

CONCLUSION
Analysis of the FIR feature was done 

in the scope of its impact on the results of 
brain segmentation with CUSUM filter 
on DSC perfusion MR images. Applying 
“head start” as a half of the cumulative 
sum value obtained in the region from the 
previous step of the CUSUM filtering al-
gorithm provides more rapid response to 
the out-of-control situation, and as a re-
sult, decreases processing time and mini-
mizes cases with loops inside one region
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