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Abstract. An assessment of burn depth is a key step in guiding the
treatment of patients who have sustained thermal injuries.
Polarization-sensitive optical coherence tomography (PS-OCT) might
eventually provide the physician with a quantitative estimate of actual
burn depth. Burns of various depths were induced by contacting rat
skin with a brass rod preheated to 75 °C for 5, 15, or 30 s. Thermal
injury denatured the collagen in the skin, and PS-OCT imaged the
resulting reduction of birefringence through the depth-resolved
changes in the polarization state of light propagated and reflected
from the sample. Stokes vectors were calculated for each point in the
PS-OCT images and the reduction in the rate of phase retardation
between two orthogonal polarizations of light (deg/mm) was found to
show a consistent trend with burn exposure time. PS-OCT is a nonin-
vasive technique with potential to give the physician the information
needed to formulate an optimal treatment plan for burn
patients. © 2004 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1629680]
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1 Introduction
Estimates related to the annual incidence of burns in the
United States include 5500 deaths~1991!, 51,000 acute hos-
pital admissions~1991 to 1993 average!, and 1.25 million
total burn injuries~1992!.1 Traditionally, burns have been di-
vided into first-, second-, or third-degree injuries. This classi-
fication is in many respects retrospective. A first-degree burn
is limited to the epidermis and is not considered a clinical
problem, since the body will regenerate damaged epithelial
cells. A second-degree or partial thickness burn injures the
epidermis and upper dermis; however, the skin can still heal
by reepithelialization. A third-degree burn consists of full-
thickness damage to the epidermis and dermis and fails to
heal by regeneration of epithelium from within the wound
margins.

The treatment for a full-thickness burn is skin grafting,
either autologous or transplanted. However, a partial-
thickness burn, which shows destruction of the epidermis and
a portion of the underlying dermis, may require a more com-
plicated treatment plan depending on the depth of dermal in-
jury. Currently, if a patient has a suspected superficial partial
thickness burn, the physician will often wait 2 to 3 weeks to
determine if the wound will heal spontaneously from surviv-
ing epithelial appendages. If the burn has not healed within
this time period, then the decision to graft skin is made. This
necessarily prolongs treatment and puts the patient at risk of
developing infection at the burn site. If a patient becomes
septic withPseudomonas aeruginosa, the most common op-
portunistic bacteria that infect burn wounds, mortality ap-
proaches 50%.2 Conversely, if a deep partial-thickness burn is
encountered, then skin grafting should be considered as soon
as possible, since there is a lower incidence of infection with

early eschar removal.3 The determination of whether a partial-
thickness burn is superficial or deep by visual inspection is
difficult, since the distinction is based on cell viability within
the dermal layers of skin.

A number of methods have been tried to determine the
depth of burn injury, including the use of indocyanine green
dye fluorescence,4 vital dyes, fluorescein fluorometry, laser
Doppler flowmetry~LDF!, thermography, ultrasound, nuclear
magnetic resonance imaging, and spectral analysis of light
reflectance.5 Most of the existing research focuses on LDF,6–8

which is based on the fact that when burned skin sustains
significant damage to dermal arterioles, capillaries, and
venules, blood flow is reduced.3 However, because of its long
coherence length laser source, LDF does not provide a depth-
resolved image of the blood flow in burned skin, but rather
measures perfusion over the entire volume of tissue. LDF has
been fraught with problems in methodology and accuracy, and
as a result has been limited in its clinical use thus far.9 There-
fore, clinical observation remains the gold standard for
diagnosis.5 However, it is well known that clinical estimation
of burn depth by visual and tactile assessment of the wound is
highly inaccurate in determining whether a deep burn will
heal, even if it is performed urgently by an experienced
clinician.3,7 A high-resolution, noncontact imaging technique
is needed that would provide quantitative information on the
depth of thermal damage.

Polarization-sensitive optical coherence tomography~PS-
OCT! is a recently developed noninvasive optical technique
that uses coherence gating to image tissue birefringence with
high spatial resolution.10 A PS-OCT image provides a two-
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dimensional map of the change in the polarization state of the
light with lateral and depth resolutions of 10 to 15mm. The
polarization state of light reflected from a certain depth will
be changed by tissue birefringence. The total change, ex-
pressed as phase retardation between orthogonal components
of the light wave, is the product of birefringence and depth.
Skin has an abundance of weakly birefringent collagen mol-
ecules in the dermis. Thermal injury will denature dermal col-
lagen, resulting in a reduction of birefringence. By comparing
changes between normal and burned tissues using PS-OCT, a
correlation between the depth of thermal damage and the
measurable loss of skin birefringence might be established.

2 Materials and Methods
2.1 Animal Model
Sprague-Dawley female rats~250 to 300 g! were used as the
animal model and housed in a pathogen-free facility. The ani-
mals were given a commercial base diet and waterad libitum.
The experimental protocol was approved by the Institutional
Animal Care and Use Committee at the University of Califor-
nia, Irvine. The rats(n59) were anesthetized with an intra-
peritoneal injection of ketamine~87 mg/kg! and xylazine~13
mg/kg!. After the animal’s backs were shaved and epilated
with Nair lotion hair remover~Carter-Wallace, New York,
New York!, experimental burns were induced in the skin fol-
lowing the well-established protocols of Smahel11 and Kauf-
man et al.12 A cylindrical brass rod~weight 313 g, diameter 1
cm! was preheated to75°C in a water bath. A pair of 1-cm
burns were imposed on each rat by placing the heated brass
rod on contralateral portions of the animal’s back for 5(n
53), 15 (n53), or 30(n53) s. No additional pressure was
applied to the rod while it contacted the skin other than that
supplied by gravity. The duration of exposure was monitored
by a stopwatch.

Animals then had their burns scanned using the PS-OCT
device. The measurements were all taken approximately 10
min postburn. Scans were always cross-sectional, being 4 mm
long and 1 mm deep. After the scan was completed, the start
and end points were marked with India ink~Higgins, Lewis-
burg, Tennessee! by tattooing the skin using a 30-gauge sy-
ringe needle. Selected points between the start and end points
of the scan were also tattooed in the same plane. With the
tattoos in place, the sites for biopsy were easily identifiable.
On average, five tattoos were made for each biopsy. Tissue
was taken using a 4-mm punch biopsy~Miltex, Lake Success,
New York! and then processed with a regressive hematoxylin
and eosin~H&E! stain for histopathological analysis. A com-
parable PS-OCT scan and punch biopsy were taken in a simi-
lar fashion over an area of normal skin on the back of each
animal to serve as a control. The biopsy sites were sutured
using 5-0 nonabsorbable nylon~Ethicon, Somerville, New
Jersey!. Topical antibiotic silvadene cream was then applied
to the wounds, and the rat placed in a stockinette for return to
the housing facility. Postoperatively, the animals were given
injections of buprenorphone subcutaneously for analgesia.

2.2 PS-OCT Device
A schematic of the PS-OCT device is shown in Fig. 1.13 Light
from a superluminescent diode~SLD! with 0.5-mW output
power, a central wavelength of 856 nm, and a spectral

FWHM525 nm was passed through a polarizer to select a
pure linear horizontal input state. Light was then split into
reference and sample arms by a polarization-insensitive
beamsplitter. Light in the reference arm passed through a
zero-order quarter-wave plate~QWP! oriented at 22.5 deg to
the incident horizontal polarization. Following reflection from
a mirror attached to the piezoelectric transducer~PZT!, ret-
roreflector, and return pass through the QWP, light in the ref-
erence arm had a linear polarization at 45-deg with respect to
the horizontal. The mirror on the PZT modulated the refer-
ence arm length over 20mm to generate a carrier frequency.
The PZT retroreflector assembly was mounted on a translation
stage to allow active focus tracking in the sample.14 For an
improved signal-to-noise ratio,15 a neutral density filter posi-
tioned in the reference arm reduced intensity noise by a factor
of 50.

Light in the sample arm passed through a QWP oriented at
45-deg to the horizontal, producing circularly polarized light
incident on the tissue. After double passage through a lens
( f 550 mm) and the tissue, and propagation through the
QWP, light in the sample arm was in an arbitrary~elliptical!
polarization state, determined by tissue birefringence. After
recombination in the detection arm, light was split into hori-
zontal and vertical components by a polarizing beamsplitter
and focused( f 550 mm) on 25-mm diameter pinholes placed
directly in front of the detectors to detect a single polarization
and spatial mode.

Two-dimensional images were formed by lateral move-
ment of the sample at a constant velocity of 1 mm/s~x direc-
tion!, repeated after each axial displacement in depth~z direc-
tion!. The carrier frequency('6 kHz) was generated by
displacing the PZT-driven mirror with a 100-Hz sawtoothed
wave form. Lateral and axial image resolutions were approxi-
mately 15 and 10mm, respectively, determined by the beam
waist at the focal point and the coherence length of the source.
Pixel sizes in the images were10310mm. The refractive
index of the tissue was taken as 1.4.

The polarization state in each arm of the interferometer
was computed using the Jones matrix formalism, which has
been previously described in detail.10 The horizontal and ver-
tical polarized components of the interference intensity be-
tween light in the sample and reference arms were detected

Fig. 1 Schematic of the PS-OCT device. SLD, superluminescent di-
ode; L, lens, P, polarizer; BS, beamsplitter; QWP, quarter-wave plate;
NDF, neutral-density filter; PBS, polarizing beamsplitter; PZT, piezo-
electric transducer. Two-dimensional images were formed by lateral
movement of the sample at constant velocity (x direction), repeated
after each axial displacement (z direction).
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separately. From these two quantities, the Stokes vector at
each point in the scan could be calculated.16 A Stokes vector
has four parameters: one that represents the intensity of the
light (I ), two that represent linear polarization with reference
frames separated by 45 deg(Q and U), and one that repre-
sents circular polarization(V). These four parameters
uniquely represent any polarization state of light@Fig. 2~a!#.

The PS-OCT images were formed by plotting and gray-
scale codingV from 1 ~black! to 21 ~white!. A white contour
line corresponding toV50 in the PS-OCT image was plotted
and overlaid with the original image. TheF parameter as
defined by Poincare´’s sphere will be a measure of the phase
retardation the light experienced in the tissue@Fig. 2~b!#.
Since light incident on the sample was circularly(V51) po-
larized,V50 corresponds toF590 deg~or 90 deg of phase
retardation!. F is a measure of phase retardation in degrees
and was determined for each scan by averaging the calculated
F values along the x direction~lateral!, correcting for inad-
vertent skin surface inclination, and then plotting theF pa-
rameter~phase retardation! against depth. Figure 3 shows a
plot of the average phase retardation versus depth for scans
performed in this study. TheseF plots were averaged accord-
ing to their burn exposure time.

2.3 Histological Analysis
To determine the relationship between loss of skin birefrin-
gence and actual depth of thermal damage, PS-OCT scans
were compared with histological sections obtained from biop-
sied tissue. Inasmuch as biopsies were tattooed with India ink

as previously described, the histological section corresponds
to the same site optically imaged with the PS-OCT device.
Since all tissue containing India ink was recovered, and the
microtome used made slices in 6-mm steps, approximately 20
to 40 slices per biopsy were obtained.

Using burn parameters similar to these described by
Smahel11 on rat skin, partial- and full-thickness injuries were
expected. In analyzing the histological sections, the criteria
previously described by Panke and McLeod17 were followed.
Burn depth was determined by examining for the presence or
absence of viable adnexal structures, such as hair follicles and
sweat glands. If such structures appeared abnormal or other-
wise damaged, then it can be inferred that the depth of ther-
mal injury is at least that deep. The regressive H&E stain
helped determine actual burn depth by showing a color
change to dark purple for thermally denatured dermal col-
lagen.

Also, distinct changes in dermal morphology can be ob-
served in thermally damaged tissue. The normal dermis is
made up of irregular collagen fibers and fibroblasts having an
orientation roughly parallel to the skin surface. When skin is
thermally damaged, the fibers lose their linearity, become
fused with their neighbors, and appear as dense clumps of
collagen. This hyalinization~glasslike appearance! is distinc-
tive for thermal damage.17,18All these indicators were used to
determine the actual depth of burn injury. The regressive
H&E-stained slides were placed under an Olympus BH-2 mi-
croscope containing a reticle eyepiece. Using the ruler built
into the microscope, the actual burn depth in micrometers
(65 mm) was measured in each histological section. The
burn depth reported is the average of the depths determined
individually from each of the 20 to 40 histological sections.
The histological analysis was done independently from the
PS-OCT scanF determination~Table 1!.

Fig. 2 Definitions of Stokes vector elements (a) and F parameter (b)
shown with a general Stokes vector pointing to the point P on the
Poincaré sphere. (a) The four Stokes parameters are denoted as I, Q,
U, and V. The It parameter represents the total light intensity and is
independent of the polarization state. Q represents the difference be-
tween the intensities of light linearly polarized at 0 deg (I0°) and 90
deg (I90°), normalized to the total intensity. U represents the differ-
ence in intensities of light linearly polarized at 145 deg (I145°) and
245 deg (I245°) normalized to the total intensity. V represents the
difference in intensities of right (I rc) and left (I lc) circularly polarized
light, normalized to the total intensity. (b) F is defined as the angle
between the positive V axis and the P Stokes vector, and it measures
phase retardation given a circularly polarized input state of light (V
561).

Fig. 3 Plots of average phase retardation versus depth. F (the phase
retardation in degrees) is averaged over the entire scan length (x di-
rection) and then plotted against depth (z direction). F plots were
averaged according to burn exposure time: The ‘‘control’’ plot of F
represents the average F of all the control scans (n59); the ‘‘5 sec’’
plot represents the average F of all the 5-s burn scans (n56); the ‘‘15
sec’’ plot represents the average F of all the 15-s burn scans (n56),
and the ‘‘30 sec’’ plot represents the average F of all the 30-s burn
scans (n55). This figure shows a clear trend between the reduction
of the phase retardation versus depth, and burn severity, which could
be used to obtain a burn depth estimate from the depth of histological
damage that corresponds to each burn duration (Table 1).
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3 Results
Figure 4 showsin vivo OCT structural and phase retardation
imaging of normal and burned rat skin. The probe scans
across the boundary of normal and burned skin. Although we
can clearly see the change in the phase retardation image be-
tween the normal and burned skin, the structural image for
normal and burned skin appears very similar. Figure 3 shows
a clear trend between the length of burn exposure and reduc-
tion in the slope ofF ~phase retardation versus depth!. By
having a trend between burn exposure time and histologically
verified depth of thermal damage~Table 1!, we can eventually
correlate the slope ofF to the actual burn depth. A definite
trend can be seen whereF changes at a different rate within
the first few hundred micrometers, depending on burn sever-
ity. Whereas Fig. 3 summarizes the total results of our experi-
ment, Fig. 5 shows one scan from each category as a subset of
the results.

Figure 5 shows typical PS-OCT scans and the correspond-
ing histology for normal rat skin and burns induced by contact
with a preheated75 °C brass rod for 5, 15, or 30 s, respec-
tively. Figure 5~a1! shows a control PS-OCT image, and Fig.
5~b1! displays the abundance of intact hair follicles found in
normal rat skin histology. In Fig. 5~a2! ~5-s contact! the white
90-deg phase retardation line is deeper into the skin, while
Fig. 5~b2! shows a corresponding purple region near the sur-
face, indicating damage to the dermis. Figure 5~b2! would be
classified as a superficial partial-thickness~second-degree!
burn, being about 230mm in depth, as indicated by the black
arrows. In Fig. 5~a3! ~15-s contact!, the white 90-deg phase
retardation line is even deeper into the skin, and the purple
region indicating damage to the dermis has also increased in
depth@Fig. 5~b3!#. Hair follicle damage can be seen, and Fig.
5~b3! would be classified as a deep partial-thickness~second-
degree! burn, being about 400mm in depth, as indicated by
the black arrows.

Figure 5~a4! ~30-s contact! shows the deepest white 90-deg
phase retardation line, while the regressive H&E stain shows
damage throughout the entire dermis@Fig. 5~b4!#. Extensive
hyalinization can be seen in the dermis, with damage extend-
ing to the subcutaneous fat. Figure 5~b4! would be classified
as a full-thickness~third-degree! burn, being about 780mm in
depth, as indicated by the black arrows.

As can be observed in Fig. 5, PS-OCT scans of burned
skin consistently show that the incident circular polarization
on the samples~corresponding to 0 deg of phase retardation
and coded as black! is preserved as burn depth increases. The
loss of birefringence in thermally damaged tissue can clearly
be seen in PS-OCT scans when they compared with normal
rat skin.

4 Discussion
The loss of birefringence observed in burned skin is due to
thermally induced collagen denaturation.18 Normal collagen, a
weakly birefringent material, has the ability to change the
polarization state of light propagating through it. Between
temperatures of 56 and65°C, dermal collagen begins to
denature13 and the molecules become more isotropic, making
skin less birefringent. The loss of birefringence in burned skin
is indeed seen, as evidenced by movement of the 90-deg
phase retardation line deeper into skin as the duration of ex-
posure to thermal injury increases. As the duration and depth
of thermal injury increase, there is a decrease in phase retar-
dance per micrometer, indicating that the light is subjected to
a lower rate of phase retardation, owing to the destruction of
birefringent collagen molecules. Unburned control skin has
the highest level of phase retardance per micrometer, as would
be expected. In Figure 3, there is a significant difference in the
slope ofF when a control is compared with a 30-s exposure,
and although the distinction between 5 and 15 s is small, there
is a clear difference in the 90-deg phase retardation depth
between the two. Once the relationship betweenF and histo-
logical burn depth has been well characterized, PS-OCT may
provide quantitative information for determining burn depth.

One can observe that there is a two- to six-fold variation in
the depth whereF590 degin Figs. 5~a2! to 5~a4!. The varia-
tion of F590 degis thought to be due to hair follicles that
are abundantly present in rat skin. Hair follicles are made up
of an epithelium surrounding the hair shaft. Because of their
fiberlike structure, hair follicles also change the polarization
state of the light. In healthy tissue, both hair follicle and col-
lagen birefringence change the polarization state of light. As
the tissue is thermally damaged, collagen birefringence de-
creases, but polarization changes that are due to the hair fol-
licle structure remain. This can be seen in Figs. 5~a2! to 5~a4!
in areas where the polarization still changes close to the sur-
face. The pockets where the birefringence is clearly reduced
are in the areas between the hair follicles, being primarily
dermal collagen. This is clearly more pronounced in deeper
burns, when the depth of the burn is as great or greater than
the depth of the hair follicles.

Our justification for averaging the phase retardation over a
full scan is that this will be the most rigorous method. The
rate of phase retardation with thermal damage would have
been even more pronounced than it is currently if we had only
selected areas between the hair follicles to determine the

Fig. 4 PS-OCT structural (top) and phase retardation (bottom) images
of normal and burned back skin of a rat. The probe scans across the
boundary of normal and burned skin.

Table 1 Summary of histological data.

Duration of Exposure to
Brass Rod at 75°C (s)

Average Histologically Determined
Burn Depth (mm)

5 218

15 335

30 841
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phase retardation. However, this would require us to subjec-
tively choose hair follicle regions to exclude. Our method of
taking an average over the entire scan gives the true response
to thermal damage of skin that is heterogeneous in its compo-
sition.

There are two primary limitations of PS-OCT for deter-
mining burn depth. The first limitation is edema formation in
response to burn injury. With increasing liquid content that is
due to edema, the tissue birefringence can change as a func-
tion of time. The second limitation is the inability to detect
any inflammatory response from the tissue because the
method is only sensitive to structural ‘‘form birefringence.’’
Any cellular infiltrates, such as neutrophils, which begin to
appear within 72 h postburn injury, cannot be detected. Bac-
terial invasion, a common occurrence in burn injury, will also
not be detected. This is significant from a pathological point
of view, since bacteria can convert partial-thickness to full-
thickness burns.19 After the first 48 h, the burn wound will
begin to be infiltrated by cells, leading to granulation tissue
and neovasculature, structures that are not necessarily bire-
fringent. Thus, PS-OCT would be most useful in the initial
diagnosis of burns, within the first 48 h. Also, our current
PS-OCT system operates using scanning stages, which require
that the sample be completely immobilized during image ac-
quisition. Currently, each scan takes approximately 10 min. to
acquire; hence the need to have the animals under general
anesthesia during scanning.

Although in its current state PS-OCT is not viable for use
in a clinical burn center, a new fiber-based system is under
construction that will have fast scanning mirror-mounted gal-
vanometers to allow image acquisition in less than 1 s. Reso-
lution will be improved as well, with the use of broader band-
width light sources with shorter coherence lengths. Our new-
generation PS-OCT source will have a center wavelength of
1300 nm, which should allow a deeper penetration of up to 1
mm, bringing us into the regime of imaging human skin.

As PS-OCT evolves and the ability to scan at much faster
rates is developed, this method could provide the physician
with a high-resolution ‘‘optical biopsy’’ of the burn. When
differentiating between superficial partial-thickness and deep
partial-thickness burns, based on the depth of thermal injury,
the physician may ultimately be able to make an early deci-
sion as to whether a skin graft is indicated. The noninvasive
and compact nature of the PS-OCT system suggests it has the
potential for use in the clinical management of burn patients
and in helping the physician optimize treatment.
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