JOURNAL OF BIOMEDICAL OPTICS 4(4), 474—481 (OCTOBER 1999)

VISIBLE-NEAR INFRARED MULTISPECTRAL
IMAGING OF THE RAT DORSAL SKIN FLAP

Michael G. Sowa, Jeri R. Payette, Mark D. Hewko, and Henry H. Mantsch
Institute for Biodiagnostics, National Research Council Canada, Winnipeg, MB R3B 1Y6, Canada
(Paper JBO 90002 received Jan. 12, 1999; revised manuscript received May 25, 1999; accepted for publication June 1, 1999.)

ABSTRACT

Visible-near infrared multispectral reflectance image sets were acquired from the dorsal surface of rats both
before and after elevation of reversed McFarlane skin flaps. Raw images were dominated by uneven surface
illumination and shadowing along with the variation associated with instrument response. These interfering
features obscured variation associated with a change in tissue reflectance, which is related to the degree of
flap perfusion. Logarithmic residual preprocessing followed by principal component analysis of multispectral
images could clearly detect a difference in the optical properties between the base and distal section of the
flap. The difference in the reflectance properties correlates with the varying degree of tissue perfusion. Prin-
cipal component analysis detected this optical difference between the well-perfused base of the skin flap and
the compromised distal section of the flap immediately following surgery. The first visual signs of compro-
mised tissue perfusion appeared only 6 or more hours after surgery. The results from this study indicate that
the application of principal component analysis to discrete wavelength near infrared multispectral reflectance
images of skin flaps can effectively distinguish reflectance changes related to the degree of tissue perfusion
immediately following surgical elevation of the reversed McFarlane skin flap. © 1999 Society of Photo-Optical Instru-
mentation Engineers. [S1083-3668(99)00104-5]
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1 INTRODUCTION

Adverse circulatory changes following the surgical
elevation of a skin flap limits the supply of blood to
the flap tissue. Regions of tissue that experience a
prolonged and severe deprivation of blood supply
will not survive. Early and reliable assessment of
the degree of compromised tissue perfusion has im-
portant clinical implications for the ultimate sur-
vival of the skin flap. For centuries clinicians have
empirically relied upon the visible appearance of
tissue in the routine assessment of skin flap viabil-
ity. Cyanosis and tissue swelling provide important
clues as to the status of the flap. These symptoms
cause the optical properties of well-perfused,
healthy tissue and poorly perfused, compromised
tissue to differ. Unfortunately, these differences
only become clinically apparent several hours after
surgery. This hampers early recognition of compli-
cations and hence delays steps that could be taken
to intervene and alleviate the complication. Optical
spectroscopy provides a nonsubjective means of
classifying the changes in the optical properties of
flap tissue which are characteristic of tissue com-
promise. Spectroscopic methods offer the promise
of detecting and distinguishing these characteristic
changes prior to the appearance of overt clinical
signs of flap health or failure. Thus, spectroscopic
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analysis potentially enables earlier detection of per-
fusion related complications, thereby allowing
prompt and effective intervention.

Near infrared and visible spectroscopy®® have
been used to rapidly and noninvasively determine
the regional tissue hemoglobin oxygen saturation at
discrete locations of a skin flap. More recently we
have extended this work to enable oxygenation and
hydration imaging of the entire flap.>!® To date,
univariate methods have largely been used in the
analysis of skin flap spectroscopic or imaging
data.® However, multivariate techniques show
some promise in this application.®®® In general,
multivariate analysis of multispectral images using
principal component analysis (PCA) provides
greater specificity and sensitivity over univariate
models in a variety of remote sensing
applications.’*'® The variance partitioning pro-
vided by PCA of multispectral images also allows
for data reduction and, at the same time, improves
image signal-to-noise ratio. The primary goal of this
paper is to determine the utility of PCA of visible-
near infrared multispectral images of skin flaps.

This study uses the reverse McFarlane dorsal skin
flap model'’ to demonstrate the potential of multi-
spectral imaging utilizing both visible and near in-
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frared wavelength measurement channels to detect
poorly perfused tissues. Multispectral images of the
rat dorsum were taken prior to and following sur-
gical elevation of a skin flap. Logarithmic residual
and optical density type preprocessing is used to
help compensate for image artifacts arising from
uneven surface illumination and the uneven surface
topography of the rat dorsum as well as to correct
for the instrument response function. PCA of the
raw and preprocessed multispectral images are
compared prior to surgery, in the early postopera-
tive period and for up to 72 h following surgical
elevation of the skin flap. The results demonstrate
that PCA of visible-near infrared multispectral
logarithmic residual corrected images and optical
density images can reliably detect the reflectance
variation along the length of the dorsal reversed
McFarlane skin flaps that is related to the degree of
tissue perfusion. This perfusion related change in
the optical properties between the base and distal
sections of the skin flap can be detected by the PCA
analysis immediately following elevation of the
flap. Visual clues about the status of these regions
of tissue require 6 h or more to manifest. The dis-
tinct difference in reflectance between the base and
distal ends of the flap corresponds to the expected
blood supply for the described model and also cor-
relates with laser Doppler blood flow measure-
ments made along the length of the flap.

2 METHODS AND MATERIALS

2.1 ANESTHESIA AND SURGICAL
PROCEDURE

All experiments conformed to the guidelines set out
by the Canadian Council on Animal Care regarding
the care and use of experimental animals and were
approved by the Animal Care Committee of the
National Research Council of Canada.

This study was done on 3 by 10 cm reverse Mc-
Farlane flaps raised on the dorsum of 13 Sprague
Dawley rats weighing between 380 and 410 g.
Twenty min prior to surgery, the rats were pre-
medicated with 0.05 mg/kg atropine sulfate admin-
istered subcutaneously in the ventral abdomen. The
rats were then anesthetized (1.2%-2% isoflurane in-
halation anesthesia) and placed on a circulating wa-
ter blanket in order to maintain body temperature
at 37+0.5°C during surgery. Once body tempera-
ture was stable, pre-elevation multispectral images,
spectra, and laser Doppler measurements were ac-
quired. Figure 1(A) illustrates the dorsal reversed
McFarlane skin flap model used in the present
study and the sites at which spectra and laser Dop-
pler measurements were made. In this model, three
sides of the flap are incised and elevated while one
end of the skin flap, termed the vascular pedicle or
base, is left attached to the remaining skin. Sacral
vessels, which are contained within the pedicle and
which run along the length of the flap, are left intact
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Fig. 1 (A) Schematic illustration of the dorsal reversed McFarlane
skin flap model in the rat. (B) Laser Doppler flux measurements of
blood flow at discrete sites along the dorsum of the rat. Preopera-
tive measurements are compared to laser Doppler flux measure-
ment taken 5 min and 12 h after surgical elevation of the skin flap.

and become the primary blood supply for the entire
flap. A 3 cm wide by 10 cm long flap consisting of
skin and underlying panniculus carnosus based on
the sacral vessels was raised and the underlying
wound was sutured closed. The flap was then repo-
sitioned over the closed wound and held in place
with sutures. The surgery was done under aseptic
techniques and an antibiotic ointment (Furacin) was
applied around the flap edges and along the su-
tures of the closed wound. Postoperative analgesia
was provided by subcutaneous injection of Bu-
prenorphine (25 ug/kg) every 8 h for the remaining
duration of the experiment. Postelevation multi-
spectral images, visible-near infrared spectra, and
laser Doppler measurements were acquired imme-
diately upon completion of the surgical procedure
aswell as at 1, 2, 6, 12, 24, and 48 h following sur-
gery. After a 72 h postoperative observation period,
a final visual assessment of the flap was made, after
which the rat was sacrificed.

2.2 MULTISPECTRAL IMAGING AND
SPECTROSCOPY

Two multispectral image data sets were acquired.
Visible-near infrared reflectance images of 256
X 256 pixels were collected at 430, 550, 565, 760, 830,
and 980 nm using a series of 10 nm full width half
height (FWHH) bandpass filters (OCLI, Santa Rosa,
CA) positioned in front of a Nikon Macro AF60 lens
mounted on a Photometrics Series 200 (Photomet-
rics, Tuscon, AZ) charge coupled device (CCD)
camera. Near infrared multispectral images (650,
700, 760, 800, 850, 900, and 980 nm) were collected
with a 10 nm bandpass (FWHH) liquid crystal tun-
able filter (Cambridge Research Instruments, Cam-
bridge, MA) mounted on a Nikon Macro lens fitted
on a back illuminated CCD camera (Princeton In-
struments, Inc., Trenton, NJ). Laser Doppler mea-
surements and visible-near infrared spectra were
collected at five discrete locations along the rat dor-
sum [see Figure 1(A)]. Visible-near infrared spectra
were collected with an NIR Systems 6500 spectrom-
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eter (Foss, Silver Springs, MA) using a custom bi-
furcated fiber optic bundle (Fiberguide Industries,
Stirling, NJ). A 99% Spectralon® reflectance stan-
dard (LabSphere, Inc., North Sutton, NH) was used
as a reference to convert raw data into reflectance
spectra. Each reflectance spectrum consisted of 32
coadded scans collected between 400 and 1100 nm
at 10 nm resolution. Laser Doppler blood flow mea-
surements were recorded as the mean of 30 read-
ings collected at 1 s intervals using a floLAB laser
Doppler monitor (Moor Instruments Inc., Wilming-
ton, DE).

Multispectral images, near infrared spectra, and
laser Doppler measurements were acquired prior to
surgery and immediately following surgical eleva-
tion of the flap as well as at 1, 2, 6, 12, 24, and 48 h
following surgery. The visible-near infrared multi-
spectral data set was acquired on four flaps while
the near infrared image set was repeated on six
flaps. In a further series of three flaps, vascular
clamps were applied to the base of the skin flap 1 h
following surgery and left in place for an additional
1 h. Near infrared imaging data were collected
prior to vascular clamping, during the application
of the clamps, and for up to 3 h following release of
the clamps.

2.3 MULTISPECTRAL IMAGE PROCESSING

Raw multispectral images contain information on
the spectral and spatial response function of the in-
strumentation as well as the sample. Generally, it is
the spectral-spatial response of the sample that is of
interest and not the instrument response function.
Thus, a means of eliminating the instrument re-
sponse profile in the multispectral image set is de-
sirable. This is usually accomplished by taking the
ratio of the sample images (S) with respect to a ref-
erence multispectral image (R). The reference mate-
rial is of known and preferably constant reflectance
across the spectral range of interest. In optical den-
sity reflectance images, X=IlogR—logS, the refer-
ence material provides a measure of the instrument
response function and therefore the method effec-
tively ratios out the instrument response function
from the resultant optical density image set X.
However, the method cannot compensate for arti-
facts arising from sample topology leading to shad-
owing or situations where surface illumination
changed between the time the reference images and
the sample images were acquired. Clinically, espe-
cially during surgery, such situations arise fre-
quently.

The logarithmic residual method® was devel-
oped for remote sensing situations where a refer-
ence image set was not available and where the il-
lumination and surface topography were not
constant. The measured raw multispectral image of
the sample S;; (where i=pixel number and j
=wavelength channel number) is assumed to be
the
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product of the wavelength response of the system I;
with a topographical factor related to the spatial
portion of the instrument response function, un-
evenness of the surface illumination and surface to-
pography of the rat dorsum T;, and the tissue re-
flectance  X;;. Approximate optical density
reflectance images can be obtained using the loga-
rithmic residual method which ratios estimated to-
pographical and illumination factors from the mea-
sured images. The logarithmic residual method
effectively mean centers the multispectral data set
over both the image pixel and wavelength channel
dimensions and adds the grand mean back to the
resultant image following a log transformation of
the sample images,

~ 1 1
XIJ:WZ IOg Sij+ N; |Og Sij—log S”

1
NIV .E, log Sjj. 2)
where N is the total number of pixels and M is the
number of wavelength channels. While attempting
to compensate for surface and illumination depen-
dant artifacts present in the multispectral image,
the logarithmic residual method has the added ad-
vantage that a reference multispectral image set is
not required. However, in our experience, the loga-
rithmic residual method usually compensates inad-
equately for the response of the instrument. When a
reference reflectance image set is available, a pref-
erable approach is to use the reference image set to
correct primarily for the wavelength dependence of
the instrument response and the mean or median
sample image to correct for illumination and
sample dependant artifacts:

- 1 1
Xij:mEi log Rij+ N; log Sij—log Sij

1
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PCA was carried out on raw, optical density, and
logarithmic residual preprocessed multispectral im-
ages. PCA is a diagnostic method aimed at deter-
mining generalized components of variance in the
data set. Prior to a principal component (PC) de-
composition, the multispectral image sequence was
scaled to unity variance at each wavelength chan-
nel. This corresponds to performing PCA on the
correlation matrices of the multispectral image se-
quence. Singular value decomposition'® decom-
poses the multispectral reflectance image X into a
set of eigenvectors U and V, where V! indicates
transpose of V

X=UaV", 4)



which diagonalize the cross product matrices X X!
and X'X, respectively, and are associated with the
common set of eigenvalues a. The eigenvector basis
V spans the wavelength channel (column) space
thus providing the principal component loadings
for the wavelength channels (variables). The eigen-
vector basis U spans the image pixel (row) space of
the original data matrix S and corresponds to the
principal component scores for the images (objects).

In the multispectral images, the number of image
pixels (N=65536) greatly exceeded the number of
wavelength channels (M =6 or 7). Thus, the eigen-
vectors V (principal component wavelength load-
ings) of the smaller dimensional M XM space of
XX were first calculated and used with the original
data matrix X in conjunction with Eq. (4) to recon-
struct the image principal component scores U
(score images). The kth normalized eigenvalue pro-
vides a measure of the percent variance accounted
for by the kth principal component of the expansion
of the multispectral image matrix. Thus, the or-
dered set of principal components accounts for suc-
cessively smaller fractions of the variation in the
tissue reflectance.

Following the image preprocessing steps de-
scribed above, the first principal component on av-
erage accounted for 75.5% of the variation in the
data set. The first three components accounted for
more than 93% of the variance in the data and were
retained while the higher order components, ac-
counting for less than 7% of the variance, were dis-
carded in any further analysis.

3 RESULTS AND DISCUSSION

Figure 2 shows the visible-near infrared absorption
spectra of hemoglobin (Hb), oxyhemoglobin
(HbO,), and water (H,0), as well as some of the
wavelength channels used in the multispectral im-
age sequences. The wavelength channels selected
for the multispectral image sets correspond closely
to absorption band maxima or isobestic points for
Hb, HbO,, or H,0.1%% The 430, 565, and 760 nm
channels closely correspond to absorption maxima
of Hb. The 430 nm channel is centered just on the
long wavelength side of Hb Soret (B band) absorp-
tion band maximum and encompasses only the
long wavelength tail of the HbO, Soret band. The
565 nm channel lies between the Q, and Q, absorp-
tion bands of HbO,, at a point of minimum absorp-
tion for HbO,, but centered on the shoulder of the
Q, absorption maximum of Hb. The wavelength
channels at 650 and 700 nm exploit the large differ-
ential absorption between Hb and HbO,, while the
760 nm imaging channel is centered on the llI
charge transfer band of Hb. Thus these series of
wavelengths were selected because of their sensitiv-
ity to changing hemoglobin oxygenation. Con-
versely, the 550 and 800 nm channels are near
Hb/HbO, isobestic points (where Hb and HbO, ab-
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Fig. 2 Absorption spectra in the spectral region 400-1080 nm of
hemoglobin (Hb), oxyhemoglobin (HbO,), and water (H,O). The
multispectral imaging channels centered at 430, 550, 565, 650,
700, 760, 830, 200, and 980 nm are shown as shaded bars and
are =5 nm wide. The Soret band and the vibronic transition band
maxima of Hb and HbO, are labeled as B and Q, (Q,), respec-
tively. The distinct charge transfer band of Hb is signified with a lll
label while the second overtone region of water is labeled as H,O.

sorb equally) and are relatively insensitive to vary-
ing hemoglobin oxygenation. The 550 nm channel
is centered on the Hb/HbO, isobestic point where
the Q, vibronic transitions for these biomolecules
cross over. The 800 and 830 nm channels encom-
pass the isobestic region of the Hb—HbO, III charge
transfer bands. The 850 and 900 nm channels
sample the Il charge transfer band maximum of
HbO,. This region has little underlying absorption
from Hb. The 980 nm channel was chosen in the
multispectral imaging sequences to provide water
related information. This wavelength channel is
centered on the second OH stretching overtone re-
gion of H,0.

Spatial variation in tissue blood volume results in
a corresponding variation in the tissue reflectance
at the wavelengths where Hb, HbO,, and H,O have
a significant absorption. Spatial variation in hemo-
globin oxygen saturation results in a change in the
differential reflectance at absorption wavelengths
associated with HbO, relative to wavelengths
where Hb preferentially absorbs. However, reflec-
tance intensity at isobestic wavelengths are unaf-
fected by spatially varying oxygen saturation when
blood volume remains constant. Changes which are
observed at the 980 nm water absorption band but
which do not correlate with observations at the
Hb/HbO, isobestic reflectance wavelength arise
from changes in tissue hydration, which are inde-
pendent of blood volume changes. Images based on
carefully selected visible and near infrared wave-
lengths should potentially be able to provide infor-
mation on blood volume or total hemoglobin, the
fraction of oxygenated hemoglobin, and the relative
degree of tissue hydration.

Figure 1(A) indicates the five discrete sites at
which laser Doppler and full range (400-1100 nm)
spectroscopic measurements were taken. The re-
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Fig. 3 Reflectance spectra of the rat dorsal skin flap taken imme-
diately following surgical elevation of the flap from near the vascu-
lar base of the skin flap (dashed trace-site 1) and from near the
distal end of the skin flap (solid trace-site 5).

verse McFarlane flap is a pedicle flap model and
derives its blood supply from sacral vessels at the
base or pedicle of the flap. Therefore the base of the
skin flap, proximal to the blood supply, is well per-
fused while the distal end (which is far removed
from the blood supply) is poorly perfused. Any
blood flowing to the distal end of the flap should
also be poorly oxygenated. Figure 1(B) compares
laser Doppler blood flow measurements made
along the length of the rat dorsum prior to surgery,
immediately following surgical elevation of the flap
and 12 h following surgery. Laser Doppler flux
measurements indicate an instantaneous drop in
perfusion along the entire length of flap immedi-
ately upon surgical elevation. This immediate drop
in flow is most pronounced in the distal half of the
flap and is consistent with the pedicle nature of the
skin flap. Blood flow re-establishes to preoperative
levels at the proximal site (site 1) within 12 h of
surgery. Blood flow just proximal to the flaps mid-
line (site 2) remains depressed even 12 h after sur-
gery. However, the measured flow at site 2 is sig-
nificantly higher than that measured at sites in the
distal half of the skin flap. Laser Doppler measure-
ments indicate a decrease in blood flow and blood
volume from the proximal to the distal end of the
flap. Total hemoglobin, the fraction of oxygenated
hemoglobin, and water content are also expected to
decrease along the length of the flap.

Figure 3 compares the visible-near infrared reflec-
tance spectrum from the base [site 1, see Figure
1(A)] and the distal end [site 5, see Figure 1(A)] of
the flap immediately following surgical elevation of
the skin flap. Note that reflectance spectra are plot-
ted in the usual log(reference/sample), optical den-
sity scale. The solid trace spectrum is taken near the
distal end of the flap (site 5) while the dashed spec-
trum arises from near the base of the flap (site 1).

Examination of the visible images acquired in the
early postoperative period reveal little or no differ-
ence in the reflectance of the tissue along the length
of the pedicled skin flap. The 550 nm channel might
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Fig. 4 Selected gray-scale reflectance images of a flap acquired 1
h after surgery, 650 (A), 760 (B), 830 (C), and 980 nm (D).

be expected to be sensitive to overall blood volume
changes since both Hb and HbO, contribute equally
to the tissue absorption at this wavelength while
the 430 and 565 nm channels might be expected to
distinguish regions of varying tissue hemoglobin
oxygen saturation. However, the 430, 550, and 565
nm channel images are highly correlated (r>0.85)
and essentially provide redundant image informa-
tion. These visible image channels are also influ-
enced by interfering skin pigmentation absorptions,
such as melanin, which further complicates visible
spectroscopy-based approaches of assessing skin
flap tissue viability. The high degree of overlap be-
tween the Hb and HbO, absorptions in the visible
region (see Figure 2) gives rise to the high correla-
tion between the visible wavelength channels. The
spectra presented in Figure 3 reveal only subtle dif-
ferences between the spectra from the base and dis-
tal end of the skin flap in the visible region. Thus,
based on the spectra, one can rationalize why little
or no reliable clinical information can be derived
from a cursory examination of visible images or
spectra. Likewise, the long wavelength region of
the spectrum shows no difference between skin flap
sites and the image channels >800 nm display no
contrast along the length of the flap.

Based on the spectra in Figure 3, the most prom-
ising region for optical discrimination between the
base and distal ends of the flap lies in the 650-800
nm region. Images in this red visible-near infrared
region should provide the best contrast along the
length of the flap. The 800 nm region which is near
an Hb/HbO, isobestic point was expected to be
sensitive to blood-volume variations, but indi-
vidual images display near equal reflectance from
the base and distal zones of the flap. Likewise the
650, 700, and 760 nm images provide no significant
contrast along the length of the flap. This is evident
in Figure 4 in which the raw near infrared flap im-
ages are presented.

Cursory analysis of the raw, optical density and
logarithmic residual corrected multispectral images
collected in the early postoperative period did not
reveal a significant difference in the reflectance
properties between the well perfused base of the



PC1 PC2 PC3

Fig. 5 Gray-scale principal component score images based on
near infrared multispectral reflectance images of a flap acquired 1
h after surgery, first (A), second (B), and third (C) principal compo-
nent score images.

flap and the poorly perfused distal section of the
flap (see Figure 4). It is not until about 12 h follow-
ing surgery when the optical properties between
the proximal and distal ends of the flap are suffi-
ciently different so that the contrast along the
length of the flap can be distinguished in the indi-
vidual images. However, visually at 12 h, signs of
distal end necrosis generally become apparent.
Thus analysis of raw and optical density single
wavelength visible and near infrared images pro-
vides no significant advantage over standard visual
assessment of the tissue.

PCA decomposes the multispectral image se-
quence into a set of uncorrelated PCs which parti-
tion the variance within the data set into its inde-
pendent, rank ordered, sources. The high degree of
correlation between the wavelength channels also
suggests that a truncated PC expansion could effec-
tively provide the relevant tissue perfusion infor-
mation in a more compact and significantly higher
signal-to-noise representation. PCA of the raw mul-
tispectral image data is generally not satisfactory
for the near infrared or the visible-near infrared
data sets. In the raw multispectral images the in-
strument response function, illumination, and
shadowing artifacts dominate the variation ob-
served in the data set, which causes features to ap-
pear in the first few PCs. However, transforming
the raw data into optical density images and loga-
rithmic residual corrected images drastically re-
duces instrument response and image artifact con-
tributions to the variance. For example, the first
three PC score images derived from a logarithmic
residual corrected near infrared multispectral im-
age data set, acquired 1 h after skin flap surgery,
are reported in Figure 5. These three PCs account
for 93% of the variation in the data set with PCs 1
and 2 displaying a distinct gradient in score values
along the length of the flap and PC 3 displaying
high score values in the center portion of the flap.

The first PC score images derived from the loga-
rithmic residual corrected near infrared multispec-
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Fig. 6 Gray-scale first principal component score images of a flap
derived from logarithmic residual corrected near infrared multispec-
tral images, preop (A), as well as 5 min and 12 h after surgery (B),
(C). Panel (D) compares the mean of the first PC score across the
width of the flap as a function of distance from the base of the skin
flap for the pre-elevation and 12 h postsurgery time points. The PC
scores over all three flap images were normalized between O and
1 to compensate for scale dependent changes between measure-
ment time points.

tral images acquired preoperatively, immediately
following surgical elevation of the skin flap, and 12
h after surgery are compared in Figure 6. These PC
score images correspond to the same flap on which
the laser Doppler measurements are summarized in
Figure 1(B). The PC images acquired prior to sur-
gery [Figure 6(A)] display uniform scores over the
rat dorsum. Thus there is little variation in the tis-
sue reflectance over the rat dorsum before surgery.
Immediately after surgery [Figures 5 and 6(B)] the
first PC score image displays a distinct gradient
along the length of the skin flap. This gradient per-
sists in the first PC score images acquired at later
times, up to 12 h, following surgery [see Figure
6(C)]. In Figure 4(D) the average of the first PC
score across the width of the flap is plotted as a
function of distance from the base of the skin flap.
The proximal end of the flap near the base of the
flap and the uninvolved dorsal tissue as well as the
full dorsal region prior to surgery display large
positive scores. The scores drop as one proceeds to
the distal half of the flap in the measurements made
after surgery. The difference in the reflectance of
the distal section of the flap compared to the flap
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Fig. 7 Gray-scale first principal component score images of a flap
derived from optical density near infrared multispectral images ac-
quired 1 h after surgery (A), after 1 min (B), and 40 min (C) of skin
flap ischemia, and 1 min after reperfusion (D).

base and surrounding uninvolved dorsal tissue
dominates the variance in the logarithmic residual
corrected postsurgery multispectral images. A com-
parison between the PC score images (Figure 6) and
the laser Doppler measurements made on the same
flap [Figure 1(B)] reveal a striking similarity in the
response. Immediately following surgery the distal
half of the flap shows a dramatic drop in perfusion
and does not recover after surgery. The base of the
flap displays an immediate drop in perfusion upon
surgery but recovers over the next 12 h. The inter-
mediate region, although less compromised than
the distal half of the flap, shows no signs of recov-
ery after surgery. This behavior correlates with the
PC score image sequence in Figure 6 which in turn
is consistent with the findings of Thorniley et al.
during total occlusion of skin flaps and in the early
reperfusion period.**

PCA was also carried out on visible-near infrared
image sets. Generally, visible-near infrared multi-
spectral images were found to be less sensitive to
reflectance variations along the length of the skin
flap compared to multispectral images based on
near infrared wavelengths only.

Ischemia-reperfusion experiments were carried
out on a series of three flaps. Vascular clamps,
which were applied to the base of the flap, were
used to totally occlude blood flow to and from the
flap tissues. PCA analysis of the optical density and
logarithmic residual corrected near infrared multi-
spectral images was performed. Both preprocessing
methods gave similar results. Figure 7(A) displays
the first PC score image acquired 1 h following sur-
gical elevation of the flap and immediately before
vascular clamps were applied to the base of the
flap. Consistent with all the other skin flaps stud-
ied, the 1 h postelevation score image displays a
significant contrast between the base and the distal
portion of the skin flap. Vascular clamping the base
of the flap cuts off the blood supply to the entire
flap. The laser Doppler measurements taken in par-
allel with the multispectral images (see Figure 8)
indicate a significant drop in blood flow at sites 1, 2,
and 3 once the clamps are applied to the base of the
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Fig. 8 Mean (=SD) of 30 laser Doppler flux measurements of
blood flow at each of the five measurement sites along the skin flap
presented in Figure 7. Laser Doppler flux measurements were made
immediately prior to surgery, 1 h after surgery, after 10 and 30
min of skin flap ischemia and 10 min after reperfusion.

flap and there is an increased flow immediately
upon release of the clamps. The score images ac-
quired during vascular clamping [Figures 7(B) and
7(C)] show a uniform darkness (high negative
score) over the full length of the flap. Immediately
upon release of the clamps, a distinct gradient is
observed to reappear between the base and distal
sections of the skin flap in the score image [Figure
7(D)]. Similarly, the laser Doppler results reveal
that blood flow in the base region of the flap under-
goes an immediate hyperemic response upon re-
lease of the clamps which then approaches pre-
clamping flow values within 10 min of reperfusion.
Laser Doppler measurements at sites 4 and 5, which
are situated on the distal half of the flap, show no
response to clamping or reperfusion. Likewise, the
distal section of the PC score images shows little
change over the ischemia-reperfusion series of im-
ages, while the base shows a dramatic transition
upon vascular clamping and the release of the
clamps.

4 SUMMARY

This study uses the reverse McFarlane dorsal skin
flap model in the rat to demonstrate the potential of
multispectral imaging utilizing both visible- and
near infrared wavelength measurement channels to
detect poorly perfused tissues. By exploiting
isobestic wavelengths and wavelengths at which
Hb, HbO,, and H,0O have significant differential ab-
sorptions, principal component image analysis of
multispectral images can be used to assess tissue
perfusion. Poorly perfused regions of flap tissue
can be identified in the principal component score
images taken immediately following surgery or in
the early postoperative period, while overt clinical
signs of compromised perfusion require 6-12 h to
manifest. PCA as a multivariate technique does not
explicitly monitor a single parameter. Rather it
tends to group together correlated sources of varia-
tion and separate those sources of variation that are



not correlated. While this may initially lead to dif-
ficulties in the clinical interpretation of results, it
may be that one or more PCs are a better correlate
(predictor) with tissue viability than a single pa-
rameter (oxygenation, cytochrome aa3 redox state).
This can only be determined after extensive experi-
ence and clinical testing of this approach. However,
this paper demonstrates that PCA warrants further
investigation as an analysis tool for multispectral
images of skin flaps. The image processing methods
presented in this paper are easily programmed and
rapid in their execution. The acquisition and analy-
sis of data can be easily performed within the sur-
gical session and in the early postoperative period
to provide the surgeon with immediate feedback
regarding the perfusion status of the tissue being
examined. Earlier detection of a perfusion related
complication should enable prompt and more effec-
tive clinical intervention. We conclude that princi-
pal component analysis of multispectral near infra-
red images of skin flaps can potentially provide
clinically relevant information on tissue perfusion
in a manner that is both rapid and reliable.
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