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Noncontact Speckle Contrast Diffuse Correlation Tomography of
Blood Flow Distributions in Burn Wounds: A Preliminary Study
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ABSTRACT Introduction: Tissue injuries are often associated with abnormal blood flow (BF). The ability to assess BF
distributions in injured tissues enables objective evaluation of interventions and holds the potential to improve the acute
management of these injuries on battlefield. Materials and Methods: We have developed a novel speckle contrast diffuse
correlation tomography (scDCT) system for noncontact 3D imaging of tissue BF distributions. In scDCT, a galvo mirror
was used to remotely project near-infrared point light to different source positions and an electron multiplying charge-
coupled-device was used to detect boundary diffuse speckle contrasts. The normalized boundary data were then inserted
into a modified Near-Infrared Fluorescence and Spectral Tomography program for 3D reconstructions of BF distributions.
This article reports the first application of scDCT for noncontact 3D imaging of BF distributions in burn wounds.
Results: Significant lower BF values were observed in the burned areas/volumes compared to surrounding normal tissues.
Conclusions: The unique noncontact 3D imaging capability makes the scDCT applicable for intraoperative assessment
of burns/wounds, without risk of infection and without interfering with sterility of the surgical field. The portable scDCT
device holds the potential to be used by surgeons in combat surgical hospitals to improve the acute management of
battlefield burn injuries.

INTRODUCTION
Current day life-threatening battle injuries consist of exten-
sive soft tissue injuries from gunshot wounds, fragmentation
injuries, or blast injuries.1 Blood flow (BF) is important, as
it affects the delivery of nutrients and oxygen to tissues and
the cleaning of metabolic by-products from tissues. Abnormal
BF can be an indicator of various types of tissue injuries.2

Assessment of BF distributions in burn wounds can provide
essential information on determining the necessity and the
precise area that requires wound excision and skin graft-
ing in order to ensure successful surgical outcomes. There-
fore, for surgeons in combat surgical hospitals, the ability to
assess BF in injured tissues could enable precise operative
debridement and improve the acute management of battlefield
injuries.3

Although a variety of methods have been explored for the
evaluation and prediction of tissue ischemia and subsequent
necrosis, none of them are ideal. Doppler ultrasound measure-
ment is limited to the assessment of BF in large vessels. Larger
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imaging systems that can assess microvascular BF include
arterial-spin-labeled magnetic resonance imaging,4 positron
emission tomography (PET),5 xenon-enhanced computed
tomography (XeCT),6 perfusion computed tomography
(PCT),7 and single photon emission computed tomography
(SPECT).8 However, these techniques require large and
expensive instrumentation and are difficult for bedside
measurements in clinical settings. Furthermore, most of
these techniques (PET, XeCT, PCT, and SPECT) expose
patients to undue radiation risk. These limitations decrease
the clinical usefulness of these modalities in the battlefield
environment.

Various optical technologies have been developed and used
for BF imaging. Optical instruments are generally inexpensive
and portable and can be used for continuous and longitudinal
monitoring of BF variations. Laser speckle contrast imaging
and laser Doppler allow for BF measurements in superficial
tissues with a depth less than 1 mm.9,10 Near-infrared
(NIR) diffuse correlation tomography (DCT) images BF
distributions in relatively deep tissues (up to 15 mm) with
contact fiber-optic probes.11 More recently, our lab has
developed a noncontact DCT (ncDCT) system for BF imaging
to avoid hemodynamic variations because of the probe-
tissue compression and eliminate the risk of complica-
tions from the probe contact with ulcerated or wounded
tissues.12 However, DCT/ncDCT systems use expensive
long coherence lasers as sources and single-photo-counting
avalanche photodiodes as detectors, which increases instru-
ment cost and size, and results in low temporal and spatial
resolution.

To overcome these barriers, we recently developed a
noncontact speckle contrast diffuse correlation tomography
(scDCT) system, in which a galvo mirror was used to remotely
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deliver point NIR light to source positions, and an electron
multiplying charge-coupled-device (EMCCD) was used to
detect BF distributions in relatively deep tissues.13,14 Thou-
sands of pixels provided by the EMCCD camera significantly
improve the sampling density and temporal/spatial resolution
and reduce the cost of the instrument. The scDCT system
has been tested for 3D imaging of BF distributions in tissue-
simulating phantoms, human forearms, and mastectomy skin
flaps.13–15 Results from these measurements demonstrate that
scDCT enables a fast and high-density 3D imaging of BF
distributions in relatively deep tissue volumes (up to ∼10 mm)
over an adjustable region of interest (ROI).

In this study, we adapted this novel scDCT for noncontact
3D imaging of BF distributions in burn wounds of two patients
as a proof of concept. Knowledge of BF distributions in
injured tissues is essential for improving acute management
of battlefield injuries in combat surgical hospitals.

METHODS

Speckle Contrast Diffuse Correlation Tomography

Figure 1 shows the principle and measurement setup of our
noncontact scDCT system. Details about noncontact scDCT
system can be found from our previous publications.12–15

Briefly, point-source NIR light from a long coherence laser
(830 nm, CrystaLaser) was delivered through a multimode
fiber (core size: 200 microns) to an achromatic lens (AC127–
019-B, Thorlabs) and then to a galvo mirror (GVS002, Thor-
labs). The galvo mirror projected NIR light to different source
positions in a selected ROI. A highly sensitive EMCCD (Cas-
cade 1 K, Photometrics) was used to detect boundary diffuse
speckle contrasts in the ROI, with a typical exposure time of
5 ms. A zoom lens (Zoom 7000, Navitar) was connected to the
EMCCD camera enabling easy adjustment of ROI size. A pair
of polarizers (LPNIRE050-B and LPNIRE200-B, Thorlabs)
was added across the source light path and EMCCD detection
path to reduce the light source reflection from the tissue sur-
face. A long-pass filter (>750 nm, #84–761, EdmundOptics)
was added in front of the zoom lens to minimize the influence
of ambient light in the operating room.

The scDCT system was assembled on a mobile cart
(Fig. 1a). The EMCCD camera could be easily adjusted
with the articulated arm seating on top of the cart to focus
on a selected ROI. The scDCT system was automatically
controlled by a custom-made LabView program with a
user-friendly graphic interface for data collection. Currently,
the scDCT system needed a plug-in power supply.

Experimental Protocols

The experimental protocol was approved by the University
of Kentucky Institutional Review Board (IRB #43961). Three
patients with full thickness burn wounds were enrolled in this
study to test the feasibility of scDCT technology for noncon-
tact 3D imaging of BF distributions. This article reported only

two patients who were imaged under anesthesia in the oper-
ating room. For both patients, BF images were acquired by
scDCT before wound excision and grafting (Fig. 1c). Imaging
of the third patient was performed at the inpatient department
under conscious conditions. Unfortunately, the measurement
was contaminated by motion artifacts because of the subject
movement during data collection. Therefore, this patient was
excluded from data analysis.

A ROI of 80 × 80 mm was selected to cover an area with
wound tissue and some adjacent normal tissues. The 9 × 9
sources separated by 1 cm of each were used to evenly cover
the ROI (Fig. 1d). Data collection time ranged from several
seconds to several minutes depending on the selected ROI size
and sampling density. Larger ROI and higher sampling density
required more time for data collection. In the present study,
data acquisition time over a ROI of 80 × 80 mm was set as
∼1.5 minutes.

Data Processing and BF Image Reconstruction

Details about data processing and BF image reconstruction
can be found in our previous publications.12–15 Briefly, raw
EMCCD images were first preprocessed to correct dark
and shot noises and image distortion because of the smear
effect. Spatial speckle contrast (Ks) detected by the EMCCD
at a distance r from the source location was calculated as
Ks(r) = σ s/〈I〉, where σ s is the spatial standard deviation of
light intensity and 〈I〉 is the mean intensity in a pixel window
of 7 × 7 pixels. For this study, 41 × 41 detectors were evenly
defined over the ROI, separated by 2 mm each (Fig. 1d). Each
detector region was defined as binding 3 × 3 adjacent pixel
windows. The boundary Ks(r) at each S-D pair was calculated
by averaging Ks(r) over each detector and over two frame
images to enhance the signal-to-noise ratio.

The Ks(r) is a function of blood flow index [BFI(r)] and
other optical properties such as tissue absorption coefficient
(μa) and reduced scattering coefficient (μ′

s), which can be
measured by other techniques (eg, NIR spectroscopies) or
assumed from the literature.16 The boundary BFI(r) data were
normalized to their mean value (assigning “1”) to calculate the
relative BF (rBF). The normalized boundary rBF(r) data at the
S-D separations ranging from 7 to 19 mm were then inserted
into a modified Near-Infrared Fluorescence and Spectral
Tomography (NIRFAST) program for 3D tomographic
reconstructions of BF distributions in the targeted tissue
volume.12 A slab shape tetrahedral mesh with a volume of
100 × 100 × 30 mm 3 and a node distance of 2 mm was
created for 3D image reconstruction of BF distributions. The
image reconstruction and display were performed off-line.

RESULTS
Figure 2 shows the imaging results from Patient 1. Figure 2a
shows the surface color photo of the selected ROI that
covers the areas of full thickness burn, partial thickness
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FIGURE 1. Noncontact scDCT System for 3D Imaging of BF Distributions. (a) The scDCT system was assembled on a mobile cart. (b) The principle of
scDCT. (c) 3D imaging of BF distribution in burn wounds. (d) The source-detector arrangement in the selected ROI.

burn, and the surrounding normal tissue. The boundaries
across the burned and normal tissues are marked with blue
lines. Figure 2b shows the reconstructed 2D cross-section
views of rBF distributions in the targeted tissue at different
depths of 0, 3, 6, and 9 mm below the skin surface. The
average rBF values in the full thickness burn volume,
the partial thickness burn volume, and the normal tissue

volume were 0.97 ± 0.054, 1.01 ± 0.053, and 1.04 ± 0.062
(mean ± standard deviation), respectively (Fig. 2c). One-
way analysis of variance (ANOVA) test revealed significant
differences in rBF among different tissue volumes (p < 0.001).
Posthoc tests in ANOVA suggested significant differences in
rBF for each pair-wise comparison across different tissue
volumes (p < 0.001).
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FIGURE 2. BF Distributions in Patient 1. (a) A photo of the selected ROI. (b) 2D cross-section views of rBF distributions at the depths of 0, 3, 6, and 9 mm.
(c) A bar graph to show average rBF values in different tissue volumes. Error bars represent standard deviations.

FIGURE 3. BF Distributions in Patient 2. (a) A photo of the selected ROI. (b) 2D cross-section views of rBF distributions at the depths of 0, 3, 6, and 9 mm.
(c) A bar graph to show average rBF values in different tissue volumes. Error bars represent standard deviations.

Figure 3 shows the imaging results from Patient 2.
Similarly, significant lower rBF values (0.92 ± 0.078) were
observed in the eschar volume (Fig. 3c), compared to the
surrounding tissue volume (1.06 ± 0.079, p < 0.001, two
sample t-tests). Spatial variations in rBF existed across the

ROI and over different depths. Note that the wound in
Patient 2 was a burn combined with a deep tissue injury,
diagnosed during wound excision. In addition, the range
of rBF variation in Patient 2 (0.8–1.4) was larger than that
in Patient 1 (0.9–1.2).
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DISCUSSION
This pilot study adapted our novel scDCT system (Fig. 1) for
noncontact 3D imaging of BF distributions in burn wounds.
The unique noncontact imaging technique makes it possible
to image the wounds of interest without risk of infection
and without interfering with sterility of the surgical field.
As expected, significant lower BF values were observed in
the burned/wounded volumes compared to the surrounding
tissue volumes in both patients (Figs. 2 and 3). Spatial het-
erogeneities in rBF were also observed across different tissue
volumes (eg, partial thickness burn versus full thickness burn;
eschar versus noneschar) and over different depths. We noted
that the rBF variation in Patient 2 (0.8–1.4) was larger than that
in Patient 1 (0.9–1.2), generating a better rBF image contrast
(Fig. 3b). Thus, the rBF distribution from Patient 2 (Fig. 3b)
matched the pattern of the wound/eschar (Fig. 3a) better than
Patient 1 (Fig. 2). The relatively smaller rBF variation/contrast
across different tissue areas/volumes in Patient 1 made it
more difficult to be detected. Also, it was possible that the
“intact” tissue adjacent to the wound was affected by the
adjacent burn. Thus, it was not surprising that lower rBF
areas/volumes were observed in the “intact” tissue adjacent
to the “partial thickness burn” tissue (Fig. 2). Because of the
limited number of subjects in this study (n = 2), however, it is
impossible to test the significance of inter-patient difference in
rBF variations. More subjects are needed to test whether there
is a minimum/maximum rBF variation that limits to clinical
utility of the results.

We would like to note some limitations with the current
scDCT system and study that may explain the difference of
the imaging results between Patient 1 and Patient 2. Our
previous studies showed that irregular tissue surface geometry
can influence BF measurements and image reconstruction.14

Very recently, we integrated a novel photometric stereo tech-
nique into the scDCT system to acquire both tissue surface
geometry and boundary BFI data using a single EMCCD
camera.14 We are planning to adapt this modified system in
patients with burn wounds to improve the quality of image
reconstruction.

In addition, current data analyses assumed constant opti-
cal properties (μa,μ′

s) from the literature.17 This assumption
may result in under- or over-estimation of rBF.17,18 We are
currently working on new algorithms to extract μa, μ′

s and BFI
simultaneously from the measured light intensity and speckle
contrast data over multiple S-D distances.19–21 Although this
study focuses on the 3D imaging of BF distributions, we
may explore a multi-wavelength scDCT system (ie, adding
more NIR laser diodes at different wavelengths) for simulta-
neous imaging of blood flow and oxygenation distributions to
enhance the ability for assessing tissue viability.19

The sample size of this pilot study is small (n = 2).
We plan to recruit more patients undergoing skin grafting
and use scDCT to continuously monitor hemodynamic vari-
ation in targeted tissues before and after the treatment. It is
anticipated that continuous monitoring of tissue blood flow/

oxygenation variations in burn wounds will provide objective
information for pre-treatment planning and postoperative pre-
diction/assessment of the intervention.

In the present study, image reconstruction and display were
performed off-line. In the future, we will further develop and
optimize the scDCT system with friendly graphical user inter-
face for automatic and real-time data collection, processing,
and visualization.

For imaging larger wounds, we can either enlarge the ROI
or scan and assemble multiple images over larger areas. With
more optimization in the future, we hope that the scDCT can
be eventually used for noninvasive imaging of burn wounds in
combat surgical hospitals.

CONCLUSIONS
We have adapted the innovative scDCT for 3D imaging of
blood flow distributions in burn wounds. The unique noncon-
tact 3D imaging capability makes the scDCT applicable for
the imaging of the burns/wounds of interest without risk of
infection and without interfering with sterility of the surgi-
cal field. Significant lower BF values were observed in the
burned/wounded tissue volumes compared to the surrounding
normal tissues, suggesting the potential of scDCT for diag-
nosis and characterizing burn wounds. In the years to come,
the portable scDCT device holds the potential to be optimized
and used in combat surgical hospitals to improve the acute
management of battlefield burn injuries.
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