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ABSTRACT

Skin hyperspectral imaging (HSI) enables non-invasive assessment of
peripheral perfusion, with potential applications in sepsis monitoring,
wound assessment and postoperative flap monitoring. For patients
with limited mobility, bedside use requires positioning the camera
on a bed-mounted or adjacent support to repeatedly image the same
anatomical region. Patient movement, bed adjustments and changing
illumination can compromise comparability between acquisitions.
However, the finite acquisition time of HSI makes measurements
susceptible to patient motion and changes in illumination, which may
confound physiological interpretation and subsequent spectral clas-
sification. In this study, we investigate these failure modes through
controlled experiments under conditions representative of bedside
acquisition. We show that acquisition disturbances can shift mea-
sured hand reflectance spectra toward a reference associated with
experimentally restricted blood flow, even when no flow-restriction
intervention is applied during the disturbed acquisition. These find-
ings highlight the need to distinguish acquisition-induced spectral
variation from perfusion-related changes before HSI can reliably
support bedside monitoring.

Index Terms— Hyperspectral imaging, skin, acquisition sensi-
tivity, normalization, peripheral perfusion, sepsis

1 Introduction

Hyperspectral imaging (HSI) records spatially resolved skin spectra
without contact. Clinical studies have reported a microcirculatory
sepsis pattern and investigated spectral discrimination of critically ill
patients [1, 2, 3]. These findings motivate bedside monitoring, where
repeated measurements must remain comparable despite changes
in positioning and illumination. Exposure, illumination, focus and
geometry can affect spectral magnitude and shape, potentially con-
founding the interpretation of longitudinal changes. Normalization
may suppress acquisition effects while also removing physiological
information; spectral overlap after preprocessing therefore does not
establish physiological robustness.

Previous studies evaluated optical parameters on reference tar-
gets [4], compared normalization methods [5], tested occlusion-
sensitive indices under varying illumination [6], and investigated

illumination calibration [7]. Building on this work, we examine con-
trolled disturbances during spatial-scanning VNIR measurements of
curved fingertip tissue. Repositioning can change illumination and
viewing geometry, while transient movement or shadowing during ac-
quisition can introduce distortions that depend on disturbance timing.
Their effects must therefore be evaluated beyond changes in average
signal magnitude.

This exploratory single-participant study examines how physical
acquisition disturbances affect measured skin spectra under differ-
ent preprocessing strategies. We quantify both displacement toward
an experimentally acquired restricted-flow reference and distortion
perpendicular to that direction. This distinguishes spectral changes
resembling the reference contrast from other acquisition-related dis-
tortions. The study identifies failure modes relevant to repeated
bedside measurements; it does not establish diagnostic accuracy or
generalizability across participants.

2 Materials and Methods

2.1 Imaging setup and measurement protocol

Skin reflectance measurements were acquired using an Imec Snapscan
VNIR hyperspectral camera covering 470-900 nm with 150 spectral
bands. The camera was equipped with a 25mm lens and positioned
at 25cm from the hand. Illumination was provided by a DC halogen
lamp. Exposure time, gain and scan settings were held constant across
conditions, giving a cube acquisition time of 7 = [36.4] s.

This exploratory study involved one participant. The hand was
supported using a 3D-printed mount attached to a zaber rotational
stage. Measurements were acquired under undisturbed conditions and
after controlled changes in hand orientation, focus and illumination.
Each of the 34 acquisition conditions was measured in triplicate.

Undisturbed measurements were acquired first to provide
matched baselines for the disturbed acquisitions. A restricted-
flow reference was obtained using a cuff and 3 minutes of inflation.
This reference represented the spectral change associated with the
experimental restricted-flow condition.
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Fig. 1. Schematic overview of the physical acquisition conditions
used for hand hyperspectral imaging. (A) Reference arrangement
with a stationary camera, lamp, supported hand and reference patch.
The purple surface segment marks the anatomical region of interest
(ROD). (B) A fixed hand rotation changes the surface orientation and is
maintained throughout the cube. The angle 0 is measured relative to
the baseline surface normal; positive rotation is away from the lamp.
(C) Transient rotation moves the hand away from, and back toward,
its baseline orientation during acquisition. (D) Defocus is introduced
by adjusting the lens focus while keeping the hand position fixed.
Focus settings are calibrated using a measured edge-spread width, w,;
the dashed and solid traces illustrate static and time-varying defocus,
respectively. (E) A neutral-density (ND) attenuator reduces incident
light throughout the cube. (F) A moving screen temporarily attenuates
illumination without obstructing the camera view. Miniature plots
illustrate the controlled quantity over one measured cube duration 7':
relative illumination L(¢), angle 6(¢) or edge-spread width w,(¢). The
miniature traces schematically illustrate the disturbance profiles and
do not represent recorded waveforms. Exposure, gain and acquisition
settings were held constant across comparable conditions.

2.2 Acquisition disturbances

A schematic overview of the different experiments can be found in
Figure 1.

Static tilt was evaluated at 15°, 30° and 45° relative to the base-
line orientation, with positive rotation defined as movement away
from the lamp. The hand remained stationary during each static acqui-
sition. Transient rotation involved briefly tilting the hand away from
its initial position and then returning it while the camera was record-
ing. The maximum tilt was 30°. The hand reached its maximum tilt
one-quarter, halfway or three-quarters through the acquisition (7' /4,
T /2 or 3T /4, where T is the total acquisition time), to assess whether
the timing of movement affected the measured spectra.

Static and changing defocus will be introduced by adjusting the
lens focus while keeping the hand position, aperture, exposure and
image resolution fixed. Focus settings will be calibrated using the
10-90% edge-spread width of a sharp edge target at the hand plane,
measured at 550 nm. For a baseline width of approximately 30 pixels,

static conditions will use widths of 60 and 120 pixels; changing-focus
conditions will follow a 30 — 120 — 30 pixel excursion lasting 7'/2,
with peaks at T'/4, T /2 or 3T /4.

Steady low-light conditions will be produced by dimming the
halogen lamp to target 50%, 10%, 1% and 0.1% of baseline illu-
mination while keeping exposure fixed. Transient shadowing will
temporarily reduce illumination to approximately 50% of baseline
without obstructing the camera view. Each shadow excursion will last
T /2, with its maximum attenuation centered at 7 /4, T /2 or 3T /4.

2.3 Calibration and spectral preprocessing

Reflectance was calibrated using white-reference measurements. Fo-
cus was checked manually using a checkerboard target. Anatomical
regions of interest were selected manually, and spectra were obtained
by averaging the reflectance values over the selected ROI pixels.
Five preprocessing configurations were compared: calibrated spectra
without additional normalization, mean, maximum, min—max and
standard-normal-variate (SN'V) normalization.

Three calibrated ROI spectra were averaged before normalization.
The resulting spectrum x;, was retained unchanged or transformed as
follows:
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where p, = B~ 'Y, x, and o, = [B~' ¥, (x, — 11:)%]"/2, with B =
63. Statistics were calculated across wavelengths for each triplicate-
averaged spectrum.

2.4 Spectral evaluation

For each experiment and preprocessing method f, let my and ny de-
note the mean preprocessed disturbed spectrum and matched normal
baseline, respectively, and let ry denote the corresponding prepro-
cessed restricted-flow reference. Means were calculated over 3 sepa-
rate measurements. With dy = ry —ny, projected spectral movement
was quantified as

(my—ny)Tdy
llds]3

All wavelength bands were weighted equally. A value of 0% indicates
no projected movement, 50% indicates the midpoint along the normal—
restricted direction, and 100% indicates the restricted endpoint’s
projected position. Negative values indicate movement in the opposite
direction, while values above 100% indicate overshoot. This measure
describes directional spectral displacement; it does not imply an exact
spectral match, a classification probability or a percentage change in
blood flow.

S =100 5)

3 Results

Twelve acquisition conditions and five preprocessing configurations
are shown to illustrate the key findings; results for all evaluated
conditions and preprocessing configurations are provided in the Sup-
plementary Information. Figure 3 shows the projected movement of
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Fig. 2. Mean measured spectr‘a for selected acquisition disturbances and normalization methods. Curves show the matched normal baseline,
restricted-flow reference and disturbed acquisition obtained without an intended flow-restriction intervention. Annotations report projected
displacement toward restricted flow and perpendicular (off-axis) distortion, both expressed relative to the normal-restricted spectral separation.
The focus example corresponds to the stronger changing-focus condition peaking at 37 /4.

the average simulated measurement relative to the normal-restricted
spectral separation. Here, 0% indicates no displacement along this
direction, whereas 100% corresponds to the projected position of the
restricted reference. Values above 100% indicate overshoot and do
not imply greater similarity to restricted flow.

Static disturbances were largely compensated by normalization.

Without additional normalization, a 30° tilt (B.2), static defocus from
30 to 120 pixels (D30.2), and illumination reduced to 50% of baseline

(E.1) produced shifts of 196.4%, 49.2%, and 232.4%, respectively.

Mean, maximum, min—max and SNV normalization reduced these
projected shifts to approximately zero under the tested conditions.

Transient disturbances showed a strong dependence on timing and
preprocessing. For rotation peaking at 7 /2 (C.2), where T denotes
the scan duration, SNV and min—-max normalization yielded shifts of
64.5% and 5.5%, respectively. Moving the disturbance to 37 /4 (C.3)
increased these values to 312.0% and 308.3%. Earlier rotation at T' /4
(C.1) instead produced negative shifts with both methods. A similar
timing dependence occurred for transient shadowing: SNV yielded
79.0% at T /2 (F.2) and 364.6% at 3T /4 (F.3). Changing focus
also produced greater displacement with SNV for the late excursion
(D30.5; 58.4%) than for the early excursion (D30.3; —6.6%). Thus,
normalization that suppressed static disturbances did not consistently
suppress disturbances occurring during sequential acquisition.

Reduced illumination further differentiated the methods. At 1%
illumination (E.3), maximum normalization retained a shift of 23.0%,
compared with 0.1% for mean normalization and 0.7% for SNV. At
0.1% illumination (E.4), these values were 265.6%, 1.1%, and 19.9%,
respectively. However, E.4 was flagged as low SNR.

Overall, the results show that the effectiveness of normalization
depends on disturbance type, timing and illumination level.

3.1 Interpretation of projected spectral move-
ment

The overlays in Fig. 2 illustrate that a small projected shift does not
necessarily imply preservation of spectral shape. For rotation peaking
at T /2 (C.2), min—max normalization yielded a shift of only 5.5%,
although the average disturbed spectrum visibly differed from the
normal baseline, particularly at shorter wavelengths. With SNV, the
same disturbance produced a shift of 64.5%, while the disturbed
spectrum still differed from the restricted reference. Thus, projected
movement summarizes displacement along the normal-restricted
direction without establishing a complete spectral match.

Focus results also depended on whether defocus remained con-
stant or changed during acquisition. Static defocus from 30 to 120
pixels (D30.2) produced approximately zero projected displacement
after normalization. For the changing-focus excursion peaking at
3T /4 (D30.5), however, min—max and SNV yielded shifts of 52.3%
and 58.4%, respectively. The SNV overlay shows partial convergence
toward the restricted reference, with differences remaining across the
spectrum.

3.2 Transient shadowing and low illumination

Transient shadowing produced substantial residual displacement after
normalization. For a shadow peaking at 7' /2 (F.2), projected shifts
were 15.1% with min—-max normalization and 79.0% with SNV. At
3T /4 (E.3), these increased to 304.3% and 364.6%, respectively. This
timing dependence reinforces that normalization does not consistently
compensate for illumination changes during sequential acquisition.
Under steady illumination reduced to 1% of baseline (E.3), pro-
jected shifts were 23.0% with maximum, 6.0% with min—-max and
0.7% with SNV normalization. At 0.1% illumination (E.4), the cor-
responding values increased to 265.6%, 39.9% and 19.9%. This
condition was flagged as low SNR and is presented as a diagnostic
average. A small displacement of an averaged spectrum therefore
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Fig. 3. Projected displacement of the average measured normal-state hand spectrum toward the restricted-flow reference for selected acquisition
conditions and preprocessing methods. Values are expressed relative to the normal-restricted spectral separation: 0% denotes no projected
displacement, 100% denotes the projected position of the restricted-flow reference, and values above 100% indicate overshoot. A displacement
of 100% does not imply an exact spectral match because perpendicular distortion may remain. Conditions D30.2, D30.3 and D30.5 represent
the stronger-defocus measurements.



should not be interpreted as evidence of reliable individual measure-
ments.

4 Conclusion

5 Discussion and Conclusions

Acquisition disturbances shifted normal-hand spectra toward, and
sometimes beyond, the projected position of a restricted-flow ref-
erence despite unchanged perfusion. Normalization substantially
reduced projected displacement under static tilt, defocus and mod-
erate dimming, but its effectiveness depended on disturbance type
and timing. No evaluated method consistently maintained near-zero
displacement across all conditions.

These findings suggest that preprocessing robustness should be
assessed against both stable and transient acquisition disturbances.
A method that compensates for a constant intensity change may
remain inadequate when different parts of a reconstructed spectrum
are affected unequally during acquisition. Consequently, performance
under static conditions alone does not establish suitability for repeated
bedside monitoring.

For bedside applications, these results motivate combining nor-
malization with acquisition-quality assessment, including checks for
motion, reference-patch stability and signal adequacy. Such checks
should identify unreliable acquisitions while preserving sensitivity
to physiological changes. The present simulation results identify
potential failure modes; experimental validation across repeated mea-
surements and multiple participants is required to establish their
magnitude and clinical relevance.

6 Future Work

Future work should extend this single-participant study to a larger
cohort spanning different skin pigmentation, including clinical pop-
ulations. Repeated measurements under normal and restricted-flow
conditions are needed to assess between-participant variability and
evaluate classification performance on independent participants.

Experiments should also combine disturbances, vary their timing
relative to wavelength acquisition, and compare acquisition orders
where supported. Reference placement and multiple reference regions
should be evaluated under spatially uneven illumination.

Finally, automated quality control should identify unreliable mea-
surements and prompt immediate reacquisition. Normalization and
rejection strategies should be assessed jointly using spectral fidelity,
SAM or cosine-based classification, and rejection rates, rather than
the visual overlap of average spectra alone.
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