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Abstract—Non-invasive imaging modalities play a crucial role
in healthcare. Magnetic resonance angiography (MRA) has
enhanced access to blood vessel information. MRA grayscale
preserves anatomical fidelity but offers limited perceptual sep-
aration. This study investigates the use of cosine colorization
to enhance feature discrimination in MRA. Cosine colorization
utilizes the Frangi vesselness filter combined with statistical
thresholding to isolate vascular regions. Quantitative and statisti-
cal evaluations were conducted on 20 MRA volumes, comparing
grayscale baselines with full-volume and vessel-restricted cosine
mappings. While full-volume colorization introduces structural
distortion (SSIM =~ 0.85 and NMSE =~ 0.018), the vessel-
restricted approach maintains near-perfect anatomical fidelity
(SSIM ~ 1.0 and NMSE =~ 0). Statistical analysis confirms
significant improvements in perceptual separability (p < 107°)
without degradation of structural metrics for the vessel-restricted
cosine approach. The results show that this approach provides
an interpretable enhancement of vascular structures.

Index Terms—Cosine Colorization, Enhancement, Magnetic
Resonance Angiography, Vessel-Restricted Mapping.

I. INTRODUCTION

HE Magnetic Resonance Angiography (MRA) imaging

modality provides information on blood vessels without
exposing patients to ionizing radiation [1]. MRA volumes
are typically visualized using grayscale colormaps in clinical
practice [2]. The application of windowing techniques in
which image values are connected to corresponding shades
of gray levels has been used to improve the intensity range
of images [2]. The complexity of distinguishing MRA vessels
from adjacent structures often poses high contrast resolution
and limited perceptual clarity of MRA representations [3].
Colorization has long been understood as an effective way to
enhance visual perception, as it enriches image representation
by introducing chromatic information that adds a perceptual
dimension [3]. The ability to colorize grayscale images can
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greatly improve their visual quality and make them easier
to interpret [4]. In medical imaging, however, colorization
must be carefully designed to preserve anatomical structure
and avoid introducing misleading artifacts [5], [6]. Nonlinear
color-mapping approaches have been shown to improve vi-
sual distinction. By enhancing structural features, they often
make anatomical information more noticeable than in stan-
dard grayscale images [7], [8]. However, their effectiveness
in preserving anatomical integrity—particularly in volumetric
angiographic data—has not yet been thoroughly investigated.

The use of colorization techniques in medical imaging
shows that volume visualization capabilities could be im-
proved, and a well-interpretable rendering of complex data
could be achieved [9]. In multi-modal PET and CT imag-
ing, dual-threshold colorization allows for better observation
and a clear distinction between varying levels of metabolic
activity. Similarly, the application of colorization to 3D MRI
volumes facilitates the generation of photorealistic 3D render-
ings, bypassing the limitations of manual transfer functions
while maintaining structural integrity [10]. Furthermore, in 3D
spectral OCT of the retina, adaptive color mapping enhances
instrument visibility and contrast, while visually setting apart
semantic regions to inform clinicians of data reliability [10].

We focus specifically on cosine-based colorization as a min-
imal and interpretable transformation for MRA visualization.
Given a normalized grayscale intensity field, we consider a
cosine mapping [11] and a mixed cosine—grayscale formula-
tion [12] that preserves luminance structure while introducing
controlled chromatic variation. This study aims to character-
ize trade-offs inherent in periodic color mappings, thereby
providing a foundation for subsequent work on constrained
optimization and more flexible colorization models.

The main contributions of this work are as follows:
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« Systematic evaluation of cosine-based colorization for
MRA visualization.

o Analysis of the impact of full-volume versus vessel-
restricted cosine mappings on anatomical fidelity and
perceptual discriminability.

« Introduction of a quantitative evaluation framework com-
bining structural and perceptual metrics for assessing
medical image colorization.

II. LITERATURE REVIEW

MRA volumes are conventionally visualized using grayscale
colormaps, where voxel intensities are mapped directly to gray
levels for display. In clinical practice, grayscale visualization
remains the default mode for examining vascular morphology
and structural continuity [13]. To improve visibility within
grayscale displays, a windowing technique was utilized for
maximum intensity projections to adjust the visual represen-
tation of the arterial segments for the diagnosis of acute
ischemic stroke [14]. Furthermore, windowing was used to
ensure that the representation of intra-aneurysmal flow was
clear enough to be separated from surrounding structures for
quantitative measurement [15]. However, windowing operates
strictly through linear or piecewise-linear remapping of in-
tensity values and does not introduce additional perceptual
dimensions beyond luminance contrast.

Colorization techniques in medical imaging enhanced visual
interpretation. Colorization with semantic segmentation, where
region identity constrains color assignment and helps preserve
structural boundaries. However, these methods rely on accurate
segmentation and typically require annotated data. Another
approach leverages domain-specific priors, such as region-of-
interest (ROI) masks or anatomical constraints, to localize
colorization. This can reduce global distortion and preserve
contextual information, although it does not inherently guar-
antee consistency in luminance or intensity ordering within the
colored regions.

Nonlinear extensions, such as gamma or logarithmic map-
pings, have been used to highlight particular intensity in
selected regions [16], [17]. However, these approaches operate
through monotonic remapping and only provide intensity
scaling [18]. Hue-based ramps introduce chromatic variation
and can improve perceptual separation. Nevertheless, they
are usually designed for general-purpose visualization [19].
Periodic mappings, on the other hand, provide controlled
and reproducible chromatic variation throughout the intensity
domain by defining color as an oscillatory function of intensity.
By parameterizing color channels using periodic functions like
sine or cosine, these mappings allow for exact control over
frequency and phase, providing a simplified and comprehensi-
ble way to modify color patterns [20]. However, the effect of
cosine-based color mappings in medical imaging, particularly
with respect to anatomical fidelity, luminance consistency, and
intensity ordering, has not been comprehensively evaluated.

Since there is no ground-truth color reference, the assess-
ment of colorization in medical imaging is based on how
well the converted image preserves structural and functional
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information from its original grayscale data. Among the most
important factors to take into account are maintaining bright-
ness consistency, intensity ordering, and visual aberrations,
including distortions.

III. METHODS

The pipeline used in this study is illustrated in Fig. 1.
The pipeline includes dataset preparation and normalization
of the input 3D MRA volume, production of representation
variations, vessel-restricted masking for localized colorization,
and quantitative evaluation. First, the input MRA volume is
normalized and represented as a grayscale baseline. Then,
cosine colorization is applied in two ways: as a full-volume
mapping and as a vessel-restricted mapping. For the vessel-
restricted representation, a vessel mask is obtained using
multiscale Frangi vesselness filtering, anatomical foreground
and central masking, and statistical thresholding. Finally, the
resulting representations are compared using structural, order-
ing, and perceptual evaluation metrics.

A. Dataset

The dataset used in this study is the Magnetic Reso-
nance Angiography Atlas Dataset from https://www.nitrc.org/
projects/icbmmra/, consisting of sixty-one images of healthy
volunteers. This study used 20 three-dimensional MRA
healthy volumes for the experiment. The study is concerned
with the evaluation of cosine-based colorization; the sub-
set was selected for a controlled paired comparison of the
grayscale, full-volumetric, and vessel-restricted representa-
tions.

a—
Percentile Normaliation

Data Preprocessing

Vessel-restricted
cosine

Representations
Variants

Full-image cosine
colorization
Grayscale
(Baseline)

n

Fig. 1. The evaluation pipeline

B. Data Representation

Let V(x,y,2) € [0,1] denote a normalized 3D MRA
volume.

A percentile—based min-max scaling normalization tech-
nique was applied on the input image volume [21].

To enable direct comparison with colorized outputs, the
grayscale volume is replicated across three channels as shown
in Eq. (1)

GrayB(z) = [V (2),V(2), V (2)]
C. Vessel-Restricted Application

ey

To avoid unwanted color patterns in non-vascular tissue
[22], cosine colorization is applied only within vessel regions
using a vesselness-based region-of-interest (ROI) mask derived
from multiscale filtering and statistical thresholding.
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1) Multiscale Frangi Vesselness: Following the Hessian-
based formulation described in [23]. The Gaussian filter
G(x,s) is applied to the normalized image through convolu-
tion to suppress high-frequency noise. For each scale s €
{1.0,2.0, 3.0, ...}, the scale-space representation is:

Vi(x) = Vor () * G(z, s), (2)

where G(x, s) is a Gaussian kernel with standard deviation s.
The Frangi parameters are fixed to: 5 = 0.5, v =12.
Multiscale responses are averaged (mean) to improve ro-

bustness [24], as computed in Eq. (3).

S() = - Vi) 3)

where Vi(x,s) is the Frangi vesselness response at scale s,
and N is the number of scales.

2) Anatomical Foreground and Central Masking: To reduce
artifacts near the cortical rim and avoid false positives caused
by image boundaries, vessel extraction is limited to the inner
anatomical region [25]. A foreground mask M, is computed
from V(z) using Otsu thresholding [25]. A 3D Euclidean
distance transform is then computed inside My,, and a central
mask is defined as

Meenral = { | dist(z,0My,) > d}, 4)

where d = 20 voxels.

3) Statistical Vessel Extraction: Vessel regions are defined
using a statistical criterion computed within the central mask
[26]. The vessel threshold is defined as

T = WUe + kgc, (5)

where p. and o, are the mean and standard deviation of S,
and k£ = 0.4. The vessel mask is then defined as

Myesses = {z | S(z) > 7} (6)

D. Cosine Color Mapping

The cosine function is used to form smooth and continuous
variations in color based on the input intensity values [11].
Cosine colorization embeds grayscale intensities into RGB
channels using periodic cosine functions in Eq. (7).

R 1+ cos(2mf1)

2
G- 1+ cos (27r2fI +0.5¢) 7
B 1+cos(227rfl+¢)

where f controls frequency and ¢ controls phase offset. The
parameters were fixed to f = w/3 and ¢ = 27/3 to provide
a slow smooth color modulation with separate RGB phase
responses. These values were used as a controlled base line,
not an optimized setting.

E. Vessel-Only Cosine Application
Cosine mapping is applied only where & € Myesse; Shown.

(R(z), G(z), B(x)),
(0,0,0),

HAS Mvessel
otherwise

Vrea(7) = { (®)
This isolates colorization to vascular structures and prevents
visual distortion in surrounding tissue.

F. Mixed Cosine—Grayscale Representation

To preserve luminance structure while introducing chro-
matic variation, a mixed representation is defined:

Vinix () = (1 — «) GrayB(z) 4+ a Vg (2) 9)

where « € [0, 1] controls the contribution of colorization.
Each experiment’s blending coefficient was set to o = 0.10
to enable a subtle chromatic enhancement.

G. Evaluation Metrics

Metrics were chosen to evaluate anatomical fidelity,
intensity-order preservation, and vessel-background separabil-
ity. Normalized Mean Squared Error (NMSE) and Structural
Similarity (SSIM) measure luminance consistency with the
original grayscale MRA; order-preservation ratio (OPR) and
inversion rate assess preservation of vessel intensity ordering;
and CIELAB-based AE, AEd', and local contrast measure
perceptual vessel distinction.

1) Structural fidelity: Structural fidelity was evaluated to
determine how well the colorization process preserves the
original grayscale appearance of the MRA volume. Since
colorization modifies the RGB channels while the anatomical
information is encoded primarily in image luminance, the col-
orized representation was first converted to a luminance image
and then compared with the original normalized grayscale
volume. Let V(z) denote the normalized grayscale volume
and let T'(z) = [R, G, B] denote the corresponding colorized
output. The luminance of the colorized image was computed
using the standard SRGB/Rec. 709 weighting coefficients [27]:

Yr(z) = 0.2126 R(z) + 0.7152 G(z) + 0.0722 B(z). (10)

Similarity between luminance image and original grayscale
volume was first quantified using the Normalized Mean
Squared Error (NMSE), which measures the average recon-
struction error relative to the energy of the reference image:

mean((Yr — V)?)

NMSE = mean(V?2) +10-8"

an

Lower NMSE values indicate better preservation of the orig-
inal luminance structure, with a value of zero corresponding
to perfect agreement.

To complement this pixel-wise error measure, the Structural
Similarity Index (SSIM) was computed to evaluate the preser-
vation of local structural information, including luminance,
contrast, and spatial organization:

SSIM = SSIM(Yy, V). (12)
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Unlike NMSE, which measures absolute reconstruction
error, SSIM emphasizes perceptually meaningful structural
consistency between the original grayscale image and the
luminance of the colorized representation. An SSIM value
approaching one indicates that the colorization preserves the
anatomical structure with minimal perceptual distortion.

2) Order preservation: To evaluate whether the proposed
colorization preserves the relative ordering of vessel inten-
sities, an order-preservation analysis was performed within
the vessel region €2,. Rather than comparing absolute in-
tensity values, this analysis examines whether the sign of
the intensity difference between neighboring vessel voxels
remains unchanged after colorization. Preserving this ordering
is important because local intensity relationships contribute to
the visual interpretation of vessel continuity and branching.

For each pair of adjacent vessel voxels (z;,2;+1), the
direction of the intensity difference in the original grayscale
image and the luminance component of the colorized image
was computed as

dret (i) = sign(V (z;) = V(2it1)),

diest (1) = sign (Yp(z;) — Yr(zit1)),
where V' (z) denotes the normalized grayscale intensity and
Yr(x) represents the luminance of the colorized representa-
tion. Only voxel pairs with non-zero reference differences were
considered, i.e., dyef(7) # 0, to avoid ambiguous comparisons
between equal-intensity voxels.

Order Preservation Ratio (OPR) measures the ratio of voxel
pairs whose ordering is maintained after colorization:

ﬁ_‘ ; 1 [dref(i) = dtest (2)] .
A value of OPR = 1 indicates perfect preservation of local
intensity ordering, whereas smaller values indicate increasing
disruption of the original ordering.
To quantify the extent of ordering errors, the inversion rate
was also computed as the proportion of voxel pairs whose
relative ordering is completely reversed:

Inversion = ﬁ Z 1 [dref(i) = —dtest(i)].

el

13)

OPR = (14)

15)

A low inversion rate indicates that the colorization intro-
duces few ordering reversals, thereby preserving the local
intensity relationships that characterize vascular anatomy.

3) Perceptual separability: was evaluated to quantify how
clearly the colorized vessel regions can be distinguished from
their immediate local background. For this purpose, the RGB
representation 7' was first converted into the perceptually
motivated CIELAB color space: (L, a,b) = Lab(T). Let Q,
denote the vessel region and let €2, denote the surrounding
ring region used as the local background. The mean CIELAB
values of the ring region were used as the local background
reference. For each vessel voxel « € €2, perceptual difference
from surrounding background was computed as

AB(@) = /(L= (L) + (a— pol@) + (b Mb)();.)
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Voxel count

0.08
S(x)

Fig. 2. Frangi vesselness S(z) distribution inside the central mask.

Average vessel-to-background perceptual separation was
obtained by averaging AE(x) over all voxels in the vessel
region:

AE‘mcan (17)

- ﬁ S AE().

€,

Discriminability was quantified using a d’-style measure.
This metric compares the separation between the vessel and
ring distributions relative to their pooled variability:

AEd/f |/'I/U_ILI/T|

- V05(02+02) +10-8

Here, p1,, and o, denote the mean and standard deviation of the
vessel-region perceptual values, while p, and o, denote the
corresponding statistics for the local ring background. A larger
AFEean or AEd' indicates stronger perceptual separation
between vessels and adjacent tissue.

(18)

H. Statistical Analysis

A two-sided paired ¢-test was utilized to assess changes in
mean values under the assumption of approximate normal-
ity, and the Wilcoxon signed-rank test was used as a non-
parametric alternative. Statistical significance was computed
at p < 0.05.

IV. RESULT

A. Validation of Vessel Mask

The statistical threshold 7 = . + 0.40. successfully sep-
arates low-response background voxels from high-confidence
vessel regions, as illustrated in Fig. 2. The dashed vertical line
indicates the statistical threshold 7 = p. + 0.40..

Fig. 3 shows an overlay of vesselness values M enar and
the extracted vessel mask M,e e, Where the distribution of
vesselness values for the extracted mask Mege 1S clearly
shifted toward higher responses compared to the central mask.
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Fig. 3. Central vs. vessel distributions of S(x).

B. Single-Image Quantitative Analysis

The grayscale (baseline), full-volume cosine mapping, and
vessel-restricted cosine mapping were evaluated. Table 1 sum-
marizes the quantitative metrics for a single image analysis.

The grayscale image shows NMSE = 0.000000, SSIM =
1.000000, OPR = 0.998405, and zero inversion. It also gives
baseline perceptual separability, with Ly = 0.749028, chro-
matic discriminability = 0.732236, and AFE,; = 0.224801.

A quantifiable structural distortion, with NMSE = 0.018082
and SSIM = 0.847326, is produced with the use of full-
volume cosine mapping. Although global intensity ordering
stays mostly preserved (OPR = 0.997503), a non-negligible
level of inversion rate 0.015662 is introduced. Regarding
perceptual characteristics, full cosine mapping lowers chro-
matic discriminability (Chroma d’ = 0.601273) and over-
all perceptual separation (AEp,, = 8.909666), while only
marginally increasing AEy = 0.236465. Vessel-restricted
cosine mapping preserves anatomical structure with near-
perfect fidelity (NMSE = 0.000001, SSIM = 0.999993),
matching the grayscale baseline in both OPR (0.998405)
and inversion (0.000000). Vessel-restricted mapping improves
chromatic discriminability (Chroma d’ = 0.795021) relative to
both grayscale and full mapping, while maintaining compara-
ble luminance discriminability (Ly = 0.748340) and local
contrast (0.083362). It slightly increases perceptual separation
(AFEpean = 10.190250) and achieves AEy = 0.232772a
comparable result to full mapping but without associated
distortions.

C. Twenty-Images Quantitative Analysis

To assess consistency, the pipeline was applied to all 20
MRA volumes, and the same metrics were used to assess
the grayscale, full-volume cosine, and vessel-restricted cosine
mappings. Table 2. Fig. 5, Fig. 6, Fig. 7, Fig. 8, Fig. 9, and
Fig. 10 show that the trends observed in the single-image
analysis were consistent across the 20-volume subset. The ring
is the local background around vessels, used to evaluate how
well vessels stand out from nearby tissue.

D. Statistical Analysis of Quantitative Metrics

For vessel versus grayscale, the difference was highly signif-
icant (t-test p < 107, Wilcoxon p = 2x107%). Similarly, ves-
sel versus full-image cosine mapping showed significant im-
provement (t-test p = 10~5, Wilcoxon p = 2.7 x 107°) in per-
ceptual discriminability. No statistically significant difference
was noticed between vessel-restricted mapping and grayscale
(t-test p = 0.0527, Wilcoxon p = 0.0679). In contrast,
vessel-restricted mapping showed a significant improvement
over full-image cosine mapping (p < 107%) in OPR. Vessel-
restricted mapping exhibited lower inversion compared to full-
image cosine mapping, with marginal statistical significance
(t-test p = 0.0422, Wilcoxon p = 0.0679).

E. Qualitative Visualization

To complement the quantitative and statistical analyses,
qualitative comparisons of grayscale, full-image cosine, and
vessel-restricted cosine representations are shown in Fig. 11.
Fig. 11 presents three views: axial slice visualization, maxi-
mum intensity projection (MIP), and a zoomed region high-
lighting local vascular structures.

V. DISCUSSION

Fig. 2 indicates that vascular structures occupy a sparse and
distinct region of the intensity space, while Fig. 3 indicates
that the extracted mask lines up with anatomical vessels.
Fig. 4 indicates that the vessel mask captures bright vascular
structures while suppressing surrounding tissue responses. As
shown in Table I, the vessel restricted cosine method preserves
the original information. Whereas full-image cosine mapping
introduces major structural distortions, as evidenced by lower
SSIM scores and higher NMSE values. Global intensity or-
dering remains fairly strong, but inversion artifacts reveal
how periodic color modulation disrupts local relationships.
Vessel-restricted mapping, however, maintains nearly perfect
structural fidelity and minimizes these inversion issues. By
confining the transformation to vessels only, it avoids the
distortions seen in the full-image approach. Vessel-restricted
cosine mapping increases chromatic discriminability without
alteration to luminance-based structure.

Table II and Figs. 5-10 show that the patterns revealed in
the single case generalize across the multiple images. Vessel-
restricted mapping closely matches the grayscale baseline in
structural measures while providing improved chromatic sep-
arability, while full-image cosine mapping consistently shows
degraded structural metrics and reduced perceptual clarity. The
lower inversion in vessel-restricted representations, compared
to full cosine mapping, further emphasizes the stability of the
localized approach. In particular, Figs. 5-6 confirm structure
preservation, Figs. 7-8 indicate stable intensity ordering with
little inversion, and Figs. 9-10 demonstrate vessel-background
perceptual distinction and local contrast behavior.

The statistical analysis shows that substantial improvements
in perceptual discriminability (AEy) were noted when com-
paring vessel-restricted mapping to both grayscale and full-
image cosine representations. At the same time, the lack of
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Sagittal (x=144)

Coronal (y=160)

Fig. 4. Extracted vessels overlay.

TABLE 1
QUANTITATIVE COMPARISON OF GRAYSCALE, FULL-VOLUME COSINE MAPPING, AND VESSEL-RESTRICTED COSINE MAPPING.

Method | NMSE SSIM OPR Inv. Ly Chroma, | AFmean AE g Local C.
Gray 0.000000 | 1.000000 | 0.998405 | 0.000000 | 0.749028 | 0.732236 | 10.146879 | 0.224801 | 0.083883
Full 0.018082 | 0.847326 | 0.997503 | 0.015662 | 0.750136 | 0.601273 | 8.909666 | 0.236465 | 0.072914
Vessel 0.000001 | 0.999993 | 0.998405 | 0.000000 | 0.748340 | 0.795021 | 10.190250 | 0.232772 | 0.083362
TABLE II
QUANTITATIVE COMPARISON ACROSS METHODS (MEAN = STANDARD DEVIATION).
Method NMSE SSIM OPR Inv. Ly Chr ;/ AE,, AFE Loc. C.
Gray 0.000040.000 | 1.0000£0.000 | 0.9971£0.002 | 0.0000+0.000 | 0.7512+0.061 0.7365 £ 10.9066 + 0.1945 + 0.0901 £
0.0596 0.6462 0.0728 0.0085
Full 0.0176 £ 0.8500 £ 0.9956 £ 0.0030 £ 0.7515 £ 0.6476 £ 9.5393 £ 0.2065 £ 0.0781 £
0.0017 0.0181 0.0024 0.0060 0.0609 0.0629 0.5529 0.0733 0.0073
Vessel 0.0000 + 1.0000 + 0.9971 + 0.0000 + 0.7504 + 0.8306 + 10.9527 + 0.2018 + 0.0896 £+
0.0000 0.0000 0.0016 0.0000 0.0604 0.0847 0.6471 0.0714 0.0085
0.020 10009 1 T
0.975
0.015 - 0.950
0.925
@ =
£ 0.0104 &
£ 0 0.900
0.875
0.005 -
0.850 -
0.000 0.8251
Gr'ay FLIIII Veslsel Grlay FLIJ" Veslsel

Method

Fig. 5. Boxplot comparison of NMSE.

significant differences in object preservation between vessel-
restricted mapping and grayscale suggests that the vessel co-
sine mapping maintains structural reliability while enhancing
perceptual discriminability.

From Fig. 11, the grayscale appearance of surrounding tis-
sue is preserved as in the case of vessel-restricted cosine map-
ping while confining chromatic variations to vessel regions.
Whereas global color distortions and intensity inconsistencies
are introduced with the use of full-image cosine mapping,
which affects both vascular and non-vascular regions. The
result from Fig. 11 shows that vessel-restricted cosine mapping

Method

Fig. 6. Boxplot comparison of SSIM.

provides localized perceptual enhancement while preserving
anatomical fidelity.

This study is limited by the use of 20 healthy MRA vol-
umes from a 61-volume corpus. The cosine parameters were
fixed, standard sequential or diverging colormaps were not
compared, and luminance analysis used Rec. 709 convention.

VI. CONCLUSION

The effectiveness of cosine mapping is highly dependent on
its spatial application. Full-image cosine mapping introduced
measurable structural distortion, with reduced structural sim-
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Fig. 8. Boxplot comparison of inversion rate.
ilarity ~ 0.85 and increased reconstruction error of ~ 0.018,

along with non-zero inversion artifacts of ~ 0.003. Although
global intensity ordering remained relatively high with a
value of ~ 0.9950.8, full-image mapping reduced chromatic
discriminability of ~ 0.65. In contrast, vessel-restricted cosine
mapping preserved anatomical structure with a near-perfect
fidelity with an error of ~ 0 and a structural similarity value
of ~ 1.0, and eliminated inversion artifacts of 0.000, while
maintaining object preservation comparable to grayscale of
~ 0.997. Importantly, it improved chromatic discriminability
~ .83 relative to both grayscale ~ 0.74 and full-image cosine
mapping and achieved slightly improved perceptual separation
of AFnemof ~ 10.95. These improvements were statistically
significant, A E; showing strong significance when comparing
vessel-restricted mapping to grayscale and full-image cosine
(paired t-test p < 1076, Wilcoxon p < 107°).

Qualitative analysis suggested that vessel-restricted map-
ping provides localized chromatic enhancement of vascular
structures while preserving the grayscale appearance of sur-
rounding tissue, avoiding the global distortions observed in
full-image cosine mapping.

The proposed vessel-restricted approach therefore shows
a favorable balance between enhancement and fidelity, sug-
gesting its potential as a visualization-oriented enhancement

0.30 4
=
.0
@‘ 0.25
o
&
£ 0.20 A
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@
v
>
5 0.15+
w
<
0.10 A l l l
Gray Full Vessel
Method

Fig. 9. Boxplot comparison of vessel ring metric.

T T
0.0 T

Local vessel contrast

0.08 1
0.07 A l
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Fig. 10. Boxplot comparison of local vessel contrast.

Grayscale Full cosine Vessel-only

Gray MIP Full MIP Vessel MIP

Vesse\ zoom

Gray zoom Full zoom

N N

Fig. 11. Qualitative comparison of grayscale, full-image cosine, and vessel-
restricted cosine representations across slice, MIP, and zoomed views.
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method for MRA. A promising direction for future work is
to explore optimization strategies to select cosine mapping
parameters for maximizing perceptual discriminability while
preserving structural constraints. Additionally, utilizing global
perceptual metrics and task-based clinical evaluation will be
important to assess the broader impact of the method on
diagnostic performance.

DATA AND CODE AVAILABILITY

Data underlying the results presented in this paper are
publicly available at https://www.nitrc.org/projects/icbmmra/.
The source code used for preprocessing, cosine colorization,
vessel-restricted masking, and metric evaluation is available
upon reasonable request from the correcponding author.
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