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Abstract:

A multi-lenslet camera equipped with spectral Iters eregblis to capture
a multi-channel spectral image cube of burn wounds on pig iska single
shapshot. This approach has two advantages over a tradispectrometer.
First, timing is much shorter in a single shot and thus avaidsement of
the wound between shots. Second, it provides a full pictfittewound,
compared to a point measurement by a spectrometer. Frommtgeicube,
we can compute the total hemoglobin content and also the gleivia
saturation level and thus provide physicians a full pictofriéghe examined
wound. We describe details in the camera setup and cabbratie burn
experiment and the image analysis to compute hemoglobirtentm
Statistical methods are employed to compare the stafigtisagni cant
difference between wounds.
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1. Introduction

Tissue oxygenation spectroscopy is a well-studied topi@[B, 4, 5], and traditionally uses
a point spectroscopy probe attached to a spectrometernfRedanable spectral Iters com-
bined with a digital CCD camera have been used to take image&m@mentally differing
wavelengths [6, 7, 8]; however, this approach is more tintesaming than a single snap-shot.
Besides spectroscopy, currémvitro instruments also include the Laser Doppler Imager (LDI),
which measures the blood volume using the Doppler effectihfruments have been applied
to burn studies [9, 10], but the instuments are often expereid bulky. Thus, they have re-
ceived little clinical acceptance.

Recently, a number of research efforts have investigagedakential of multi-lenslet camera
systems, notably, the TOMBO project [11], MONTAGE projet?] and PERIODIC project
[13]. The Practical Enhanced-Resolution Integrated @pftigital Imaging Camera (PERI-
ODIC) project seeks to design and prototype a multi-lercd@tera which can exploit the ob-
servational diversity inherent in a multi-lenslet systénprimary motivation for this project is
the need for compact integrated imaging devices capablesoiving the details of a human
iris for biometric identi cation. When equipped with myite spectral lters, the PERIODIC
camera captures a 3D multispectral image cube of the olbésgrie and thus provides a full
and in-depth picture of the tissue. In this study, we inteneldtimate the blood oxygenation by
in vitro measuring the absorption spectrum of burned pig skin usiERI®DIC, with a pur-
pose of assisting physicians for a better assessment. dssingilar camera, Romella-Roman
et al. measured the oxygen saturation in the retina [14] aubtbiod [15].



The basic principle lies in the fact that most light is absatln the skin tissue by a few
chromophores, including hemoglobitdenoted Hb), oxy-hemogloir{denoted Hb®), and
melanin. The absorption of visible light varies with the ambof oxygenation. The absorp-
tion characteristics of Hb and HbQre distinctly different in the visible and NIR wavelength
regions, and are most notably differentiable between 5600 nm and 700 900 nm [17].

The key dif culty in burn assessment lies in correctly diaging deep partial-thickness
burns, also called progressively deepening injuries.eRtiwith such burns may have to be
hospitalized for up to two weeks, before the clinical diagjador self-healing or skin grafting
may be made. However, if the judgment can be made in threedadays, burned skin can
be grafted immediately and thus patients can be discharsyeda days earlier. Unfortunately,
visual judgement by a specialist/surgeon has been showav® ¢nly a 50 80% accuracy
[16].

In this paper we introduce a new type of multi-spectral mleftislet camera that is able to
capture twelve spectrally sensitive images in one snap§ha#-shot data capture minimizes
the effect of body movement due to breathing. The camera sed to take spectral images of
four known types of burn wounds on four pigs and the image®werlyzed and compared
with known wound hemodynamics.

2. Material and methods

In order to maintain the highest level of repeatability aménsure conformance to the protocol
set by the Animal Care and Use Committee set forth by the AhiNedfare act, several chal-
lenges had to be met. These include precise control overguition and lighting throughout
the experiment.

2.1. Positioning

The requirement that the equipment not touch the animalsgitine experiment required the
use of a boom setup capable of supporting the PERIODIC cawlgifa being precisely ad-
justable. A heavy photography stand was used for this perpiis provide attitude control a
combination of 1.5 inch post assemblies were used to adjagiitch and rotation of the PERI-
ODIC camera with respect to the object of focus. To ease unstidg distance from the subject
a combination of three translational stages were attaah#itetend of the boom to allow the
PERIODIC camera precise movement to ensure the burn wadrbfitbus and within frame
for each of the 12 lenslets.

2.2. Lighting

For lighting control, an optical illumination ring was atteed to the PERIODIC camera and
was powered by an optical illuminator. To ensure repeatebigrol over lighting, a remote
control unit was attached to the optical iluminator to @ellprecise lighting control. The module
required a special circuit board to be built to allow comneation with the unit from the
computer. This was critical in choosing an appropriatetiigghlevel as it was necessary to
provide enough light so that the lenslets with the lowestel@wgth lters were not dominated
by noise and that the higher wavelength Iters which let mofréhe illuminators light in were
not saturated.

IHemoglobin is the oxygen carrier in blood.
20xy-hemoglobin is the hemoglobin molecule bound to oxygen



2.3. Focus

Obtaining and maintaining an optimal distance from the etthjvas obtained through the use
of a Sharp GP2D12 short range IR distance detector. The iIseasocalibrated by attaching

it to a precise Velmex linear actuator and moving it incretaliythrough its detection range.

A power series equation was then tted to the data to conawt sensor values to distance
measurements. By taking the median of a series of measutgnaecuracies down to 2mm

were achievable. The sensor was then mounted to the illdoriniag of the camera at an angle
so that the sensors beam was pointed towards the center sfitject while the camera was
at its optimum focus distance. A micro-controller was caried to the sensor and two LEDs
were used to indicate distance to the object, red meaningltis®, green meaning too far,
and no lights indicating the camera was within the accepttdlerance of 0.25 inches. This
tolerance was chosen to make it easier to get the cameradis,fas the raising and lowering
of the subject of interest due to the pigs' breathing wasegseater than this tolerance.

2.4. The multi-aperture camera - PERIODIC

The PERIODIC camera is a 10 megapixel 18 lenslet camera mpaboth spectral and dy-
namic diversity. The camera captures one 10 megapixelngiethich is then cropped into 18
200 200 images corresponding to each lenslet. In this studygé@navere gathered from the
lenslets containing 480,490,500,520,540,560,580,800620,630,and 640 nm spectral lters.

Fig. 1. High variance calibration image

2.5. Camera calibration

The camera required calibration for focus as well as fottiigh In order to determine the opti-
mal focal length from a subject, the PERIODIC camera was rtezlion a manual translational
stage aimed at a reference Figure 1 containing high variameges at various distances were
taken and the variance of all pixels within the 580nm lensts calculated. The 580nm lenslet
was chosen for its proximity to the center of the PERIODIC egais main lens. The distance
was adjusted until the variance was maximized, at whichtpgbie camera could be seen as
being in focus, as an out of focus camera will blur the linegetber and therefore decrease
variance in the image. The distance was found to be 2.51 énahd this measurement was
used with the IR distance detector to ensure repeatabilityng the study. The experiment re-
quired additional calibration in the form of capturing batirk images and images using the
white re ectance standard. Dark images were captured inake Forest University Imag-
ing Lab. A cover was placed over the camera lens and dark isnagee captured at exposure
levels varying from 20 to 200ms. Additionally, images weaptured at various light intensi-
ties using exposure times varying from 20 to 200 ms. The data these images allowed us
to determine the noise threshold and helped determine aopyigte light level to use in the
trial which would simultaneously prevent under and oveesxwe on all lenslets in use. After



each exposure, a dark image corresponding to the imagetsaxptime was subtracted from
the gathered image in order to remove noise. Images of the r@386étance white standard
were also taken and stitched together to make sure theydmd\@qual coverage across the
entire image. This white standard image was used to cadilfcatthe spectral shift associated
with incandescent light source present within the optibatiinator as described under image
analysis.

It is necessary to point out that our camera was originalseabled by our colleagues at
the Catholic University of America, including Dr. RameRomman, who conducted an oxygen
saturation study on human retina [14] using a similar camierder study, to demonstrate
the camera’s effectiveness of capturing correct specéspanses, an in-vitro test was also
performed on solutions of human hemoglobin and water. Goattines have been con rmed
in comparing her camera with the measurements of a specttopleter. The only difference
between our camera and the one used by Dr. Ramella-Romanths aamber of Iters used, 6
as opposed to our 12, our range of Iters was similar and tleeafiglark noise subtraction and
white standard calibration allowed conclusions drawn @irttamera setup to be applicable to
ours. Dr. Ramella-Roman's work used [540, 560, 576, 600] 689 or [560, 575, 600, 630,
650, 660] nm or [540, 560, 575, 600, 650, 660] nm spectral $etups while our camera used
[480,490,500,520,540,560,580,600,610,620,630,anprédGpectral lters.

In addition to the use of a calibrated 99% re ectance stathdarubber band nger experi-
ment was performed to validate our results with that of olleagues at the Catholic University
of America. In this procedure a picture is taken of a humanengnd then a rubber band is
placed tightly around the nger as to constrict circulatidter two minutes another picture
is taken. The oxy-hemoglobin was found to be around 60% wittiee rubber band and was
around 40% with the rubber band. See the results section.

2.6. Ethical Consideration

All procedures were performed in accordance with standestbpol set by the Animal Care
and Use Committee and conformed to guidelines set forth éyAtiimal Welfare Act, Public
Health Service Policy, and Association for the Assessmadt/Accreditation of Laboratory
Animal Care. The animals were anesthetized during all ptoes and follow-up assessments.
Their care was closely monitored at all times during the wtéd the end of the study the
animals were immediately euthanized without any regairookciousness.

2.7. Thermal Injury

Four swines ranging between 40 and 50 kg were used for thity.snimals were sedated
by a mixture of ketamine, aceprozamine, and xylazine befaresported to the surgical room.
Anesthesia was then induced by mask with iso urane carrigdtygen. Vital signs such as
heart rate, blood pressure, and core body temperature Wen@itored and recorded every
15 minutes.

The dorsum was shaved and four circular markings each 4cnameder and 3cm apart
were made on each side of the midline. Thermal injuries wedeiged using two 3cm brass
rods heated in water baths to 1@ Each animal received eight wounds that were equally split
and paired on both halves of the body dorsal surface, as shofigure 2. All injuries were
induced by a single member of the team. Injury duration wassdsrdized between animals at
3s, 12s, 20s, and 75s. This created wounds that were sugkirtiermediate partial thickness,
deep partial thickness, and full thickness, respectivityicoat dressings were applied to the
wounds after all procedures and changed every other daye3zadding, plastic harnesses,
and cotton tube stockings were used to protect the woundpravent removal of dressings.
At day 14 biopsies were taken and examined to con rm the depthjuries. All animals not



euthanized by day 21 underwent repeat biopsies.

Fig. 2. Burn sites on a pig.

2.8. PERIODIC imaging of wounds

The PERIODIC camera was used to take a shap-shot at all emimidg of each pig at time
10 minutes, 1 hour, 24 hours, 72 hours and 120 hours post-bxcept that we omitted the 10
minutes measurements for the 3s burn and the 75s burn, doeitartore obvious dynamics.

3. Image Analysis

Figure 3 shows a sample image taken by the PERIODIC camagmesded and registered.
The segmentation is done around 12 visually inspected irderresponding to 12 bands,
ranging from 480 nm to 660 nm, each having a 200 size. The registration is also visually
done due to the dif culty that sub-images taken by lensletdifferent scenes because of the
spectral Iters and thus we could have a sub-image with ligtensities around 1000, e.g. 630
nm channel on Figure 3,while having another sub-image gttt intensities in the range of
40 100, e.g. 500 nm channel on Figure 3, due to strong absorptitire skin tissue at that
narrow band. Nevertheless, visually identi ed landmarkidobe used for manual registration
and due to the short focus range, we can generalize theesgisbffsets from one shot to the
rest without creating signi cant differences, which is coned again by visual inspection. The
registered images, stored as a 3D data array in the size of 200 12, are all subtracted by
a dark image taken in our computer lab and then divided by #evetéandard image, which a
stitched image of multiple images taken with the white sgaddat different positions covering
the whole eld of view. At last, a negative logarithm is taken the ratios to compute the
Optical Density (OD).

oD= log M; (1)

lwhite  ldark

Notice thatl jig 2 R?90 290 12js 3 3D data array and hence s@B, which in section 3.2, will
be reshaped into a matriof size 40000 12. The same process is repeated for each wound
at each time point.

3.1. Absorption Coef cients of Chromophores

Two major light absorption agents are hemoglobin and oxydgdobin within blood in der-
mis. Tabulated molar extinction coef cients compiled byaRIr[17] was fed into the following
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Fig. 3. A sample of segmented and registered sub-images lBkBERIODIC.

function to compute the absorption coef cients of hemodhadnd oxy-hemoglobin.

2303 g(l) x

i) 64500 ' @)

where! is the wavelengthe is the extinction coef cient and is the number of grams of
hemoglobin per liter of blood with a typical value of 150.

The absorption of epidermis is usually dominated by melafisorption. Based on vari-
ous published studies, Jacques and McAuliffe [18] provigie@pproximation for the melanin
absorption coef cient as a function of wavelength.

Mhe = 6:6 1011 | 333 (3)

The scattering behavior of dermis is accounted for by thebdoation of Mie and Rayleigh
scattering primarily from collagen bers. The Mie scattegibehavior is modeled by the fol-
lowing expression [19],

Mie=2 10° | 5 (4)

and the Rayleigh scattering is modeled by [19],
Mkay= 2 102 | % (5)
And we simply combine the two for the total scattering abtorpcoef cient,
M= Miie + MRay (6)

This approach is methodologically similar to the negatbgarithm model by Schweitzer et al.
[20]. Figure 4 shows all four absorption coef cients in thmestral range between 480 nm and
680 nm.



Absorption Cosfficient (crt’)
;

0
1 . . . . . \ \ , .

480 500 520 540 560 580 GO0 620 64D 68D 68D
wavelength (rm)

Fig. 4. Absorption Coef cients of hemoglobin, oxy-hemobin, melanin and scattering.

3.2. Retrieving Chromophore Concentration Using Nonniggdteast Squares

Due to the complex optical nature of skin tissue, it is dificto choose an algorithm in deter-
mining the concentrations of hemoglobin, oxy-hemoglolrid enelanin. For example, Delori
[21] proposed a simple equation using three wavelength®tepate the oxygen saturation
from the extinction coef cients of Hb and HbO2, while Drewg?] proposed a four wave-
length model. The model by Schweitzer et al. [20] also carsd the the wavelength depen-
dent scattering of erythrocytes, plus the wavelength irddpnt scattering. And a least square
mechanism using the Nelder-Mead simplex method [23] is tsedhe model. This model is
closer to our situation since it needs large number of wangles, but the results in the retina
study [14] do not appear to as good as Delori's and the noalinptimization usually takes
longer computation, which might be a hurdle when integoatire algorithm onto a on-board
computer within a hand-held prototype of the camera.

Hence, we decide to pose the model as a linear problem focémsputation and easy in-
terpretation, that is to say, we regard the total extinctbfight as a linear combination of
extinctions by hemoglobin, oxy-hemoglobin, melanin anctattering component. And due
to the obvious reason of positive concentrations of all congmts, we would like to impose
a nonnegative constraint on the outcomes. Thus, we needv® the following nonnegative
least squares problem [24] to inversely t for the concetibias in matrixH.

minkA WHK2Z;subjecttoH  0; (7)

whereA 2 R12 40000is the optical density (OD) matrix with all the image pixetsdine dimen-
sion and spectral bands at the other dimension. M#irikR1? 4 is the absorption coef cients
of all four components at the 12 bands and mattig R* 49990 js our estimate of concen-
trations of four components. The non-negativity constraglps us avoid negative estimates
of the concentrations, usually seen in the regular leastregestimates like the Moore-Penrose
pseudo-inverse used in a similar burn study by Sowa et @57 Comparing (7) with the model
by Schweitzer et al. [20], we see they both use similar altigorgoef cients for hemoglobins
and scattering, and both seek least square estimatesglforither is nonlinear while the latter
is linear. The Projected Gradient Descent (PGD) method hy26] was used to solve (7).



3.3. Statistical Analysis
The estimates of oxygenation saturation are of a multi-distien nature, i.eyjjj , wherel =

dimensionk= 1;2 is the repeated measure of each woundtandl=6; 1;24; 72; 120 is the time
dimension. To reduce the data dimension, we cut the centeemf each tted oxygenation
saturation image, e.g. in Figure 7(a) and 7(b), in the sizZe0of 50, and take its mean as the
outcome in the following statistical model.

The xed effects of interest in the experiment are burns {lg), time post-burn (treated
as continuous variable) and the interaction of time and biline burns are recoded as three
binary variables, i.e. to compare each of the 3s, 20s and Ui%s lwith the intermediate 20s
burn. The bene t to choose the intermediate 12s burn beifegeace as to choose one extreme
end, e.g. the 75s burn, is that we can see how well separatechtermediate 12s and 20s
burns are from the model without further test. Since thegtesias unbalanced and involved
repeated measurements over time and random effect dudecedif sites on the same animal
(4 burns with 2 replicates each, total 8), a linear mixedatfirodel was used. We also adjusted
for the level of oxygenation saturation on the control ditesgline) for each animal. Therefore
a response pro le (a line) over time was constructed for eatEhof each animal. Successive
measurements over time on the same burn site are correldiad was taken into account by
specifying a compound symmetry covariance structure. 18ityj measurements of different
sites on the same animal are also correlated. We introdwetbm intercepts and random
slopes for response pro les to account for this correlatigthin the same animal. All analyses
were done using SAS 9.1 (Cary, NC) and signi cant level wasas6.05.

4. Results and Discussion

Approximately a total of 80Gb images have been collecteceing eight wounds plus one
control site on each of the four pigs over ve time points. Até wound, we also took images
at 20 different exposure levels from 10ms to 200ms at a 10tesvial to choose the images
at best exposure levels to analyze, while each image sizag¢ @0Mb. After estimating the
oxygenation saturation and the total hemoglobin levelsefach wound, false color images
were generated for each wound to visually demonstrate theddevels with the blue color
indicating a lower level, the red color indicating a higherdl and the yellow color in between.

The false-color images in Figure 5(a) shows the estimated h@moglobin concentration
levels of a 12s burn on the left side of Pig IV. They are compavéh the standard digital
photos in 5(b) to show a very similar healing dynamics fromtime mark at 10 min up to 120
hours.

Figure 6(a) and 6(b) compares the oxygenation saturati@nh differences between wounds
and their changes over time for the wounds on the left side@flP The same oxygenation
levels were also analyzed using the boxplots in Figure 7{d)7b), which show the relative
change from the baseline mean for all pixels on a wound arslitbteorgeneity of these pixels
can be observed immediately. The same data is organizetlyrétne to see the dynamics of
the healing process of each wound in Figure 7(a), and themya@zed by wounds to compare
across wounds at the same time points in Figure 7(b). Thenlgeatocess of the 12s burn is
again consistent with the graphs above and the oxygenatiefsl are statistically signi cantly
different between wounds, especially at the last time point

The overall estimate of oxygenation saturation levels anef than expected, in the range
of 30% to 40%, while we expect them to be around 60%. To testhvenehis is due to the pig
skin and its particular spectral mechanism, we also useddhee camera and take a couple
images on an index nger with and without a rubber band tietheroot of the index nger.
The same estimation algorithm was applied to the cropped@Dimages and Figure 8 shows



@

(b)

Fig. 5. (a) Wound healing process taken with a digitial canagtime 10 min, 1h, 24h, 72h
and 120 h post-burn. (b) Tissue total hemoglobin estimattdhe same periods.

clearly that without the rubber band, our estimation on thén skin is close to the expected
range, while with the rubber, due to the blood shortage, weasharp decrease in oxygenation
levels. Thus we have proven that the lower estimates on theki is due to the pig skin itself,
not due to our estimation algorithm.

The existence of interaction between time and burn indsctitat change rate (or slope) of
oxygen saturation over time depends on by (:0006). Since there is the interaction effect,
theburneffect represents the effect at time zero, i.e., the timeniduen was happening, which
is statistically signi cant f <:0001), and thd@ime effect tests that whether response pro le
slope for 12s burn differ from zero, which is also statidticaigni cant (p <:0001).Baseline
oxygen saturation for each animal also has effect on pystyinxygen saturationg(< : 0001).
Table 1 provides the estimated regression coef cientstier ked effects. For burn effect at
time zero, as compared wit2s burn 3s burnhas higher oxygenation saturatign :0409),
75s burnhas lower oxygenation saturatiop £ :0006), and20s burnhas similar oxygenation
saturation p= :4763). Regression coef cient timerepresents the slope of estimated response
pro le for 12s burn, i.e., oxygenation saturation decresa®€08 per hour overtime. Regression
coef cient of time*3s burnrepresents difference of slopes of response pro les betBsdurn
and 12s burn, which is .000886. The estimated slope of regporm le for 3s burn can be cal-
culated as -.0008+.000886 = .000086, meaning that oxyipersdaturation increases 0.000086
per hour for 3s burn. Similarly, the effects fne*20s burnandtime*75s burncan be inter-
preted and the estimated slopes of response pro les canlb@lai@d. As seen in table 1, the
slope for 3s burn differs form 12s burp € :0019) and the slopes for 20s burn and 75s burn do
not differ from 12s burng§ = :2875 andp = :3488). The predicted mean response pro les for
burn, as depicted in Figure 9(a), visually show that the 3a muwell separated from the other
three burns and heading towards a positive direction whéeother three burns are all moving
towards a negative direction and show similar hemodynariiee same hemodynamics are
also seen in each individual pig in Figure 9(b).



Table 1. Regression Coef cients Estimates of Fixed Effects

Effect Estimate Standard Error DF tValue ®Pitj
Intercept -.5342 1358 27 -3.93 .0005
3s burn .0558 .0268 108 2.07 .0409
12s burn 0 . . . .
20s burn -.0182 .0254 108 -0.71 4763
75s burn -.0954 .0270 108 -3.54 .0006
time -.000800 .000185 108 -4.33<.0001
time*3s burn .000886 .000279 108 3.18 .0019
time*12s burn 0 . . . .
time*20s burn  -.000280 .000261 108 -1.07 .2874
time*75s burn ~ .000262 .000279 . -.94 .3488
baseline 2.4035 .3953 108 6.08<.0001

5. Conclusions

Estimations from PERIODIC images matches well with the wibtypes and their longitudinal
changes. The chosen visual spectral band does not peregrdéep as the NIR band and thus
may not reveal the deep blood contents. In future studigerbestimates can be achieved by
considering scattering properties of skin tissue and wéoaténg forward to a possible human
clinical trial or observation study. On the camera side, veeill desire a better positioning
system, possibly an automatic focusing 3D arm digitallytoafed to save time on manual
positioning and focusing, which usually takes around 4 n@auAlso, an automatic registration
mechanism would be more desirable than manual registrdtioaxample in creating a single
pixel optical landmark that appear on all channels.
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Fig. 6. (a) False color images of estimated oxygenationratdu levels for four wounds
on the left side of Pig Ill. Each row shows a wound healing pesg from 10 minute to 120
hours post-burn, and the rows follow the order of 3s, 12s,a2@75s from top to bottom.
(b) False color image of estimated total hemoglobin arrdrigéhe same way as (a).
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Fig. 7. (a) False color images of estimated oxygenationrattum levels for four wounds
on the left side of Pig Ill. Each row shows a wound healing pesg from 10 minute to 120
hours post-burn, and the rows follow the order of 3s, 12s,a2@75s from top to bottom.
(b) False color image of estimated total hemoglobin arrdrigéhe same way as (a).



Fig. 8. Estimated oxygenation saturation levels of an indger
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Fig. 9. (a) Predicted response pro les (Fitted lines) fourfdype of wounds among all
pigs. (b) Predicted response pro les (Fitted lines) forrfoypes of wounds within each
individual pig.



