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Early excision and skin grafting of full-thickness 
(FT) and deep-dermal (DD) burns have been 
shown to be therapeutically and financially  

advantageous, with shorter healing time, fewer in-
fections, better functional and aesthetic results, and 
reduced hospital stay.1–6 DD burns are best managed 
by excision and skin grafting,7–11 but early differen-
tiation of superficial-dermal versus DD burns pres-
ents a diagnostic challenge. Differentiation between 
superficial burns that spontaneously heal and those 
that require excision is still inconsistent, with only 
50–75% accuracy in early clinical assessments.4,12–16

Current standard of care involves waiting for 
clinical signs of diminished sensation, leathery feel, 
and pale color as the telltale signs of burn depth 
progression, indicating necessity of excision. Clinical 
overestimation of burn depth results in unnecessary 
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Background: Differentiating between superficial and deep-dermal (DD) 
burns remains challenging. Superficial-dermal burns heal with conserva-
tive treatment; DD burns often require excision and skin grafting. Decision 
of surgical treatment is often delayed until burn depth is definitively identi-
fied. This study’s aim is to assess the ability of hyperspectral imaging (HSI) 
to differentiate burn depth.
Methods: Thermal injury of graded severity was generated on the dorsum 
of hairless mice with a heated brass rod. Perfusion and oxygenation pa-
rameters of injured skin were measured with HSI, a noninvasive method of 
diffuse reflectance spectroscopy, at 2 minutes, 1, 24, 48 and 72 hours after 
wounding. Burn depth was measured histologically in 12 mice from each 
burn group (n = 72) at 72 hours.
Results: Three levels of burn depth were verified histologically: interme-
diate-dermal (ID), DD, and full-thickness. At 24 hours post injury, total 
hemoglobin (tHb) increased by 67% and 16% in ID and DD burns, re-
spectively. In contrast, tHb decreased to 36% of its original levels in full-
thickness burns. Differences in deoxygenated and tHb among all groups 
were significant (P < 0.001) at 24 hours post injury.
Conclusions: HSI was able to differentiate among 3 discrete levels of burn 
injury. This is likely because of its correlation with skin perfusion: superficial 
burn injury causes an inflammatory response and increased perfusion to the 
burn site, whereas deeper burns destroy the dermal microvasculature and 
a decrease in perfusion follows. This study supports further investigation of 
HSI in early burn depth assessment. (Plast Reconstr Surg Glob Open 2015;3:e591;  
doi: 10.1097/GOX.0000000000000558; Published online 23 December 2015.)
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surgery, whereas underestimation results in delayed 
surgery and prolonged hospital stays. As such, early 
and reliable differentiation between superficial- 
dermal and DD burns at early time points remains a 
top priority in burn research.4,7,8,12–19

Various modalities to distinguish burn depth at 
early time points have been investigated including 
thermography,20,21 ultrasonography,22 nuclear magnet-
ic resonance,23 laser Doppler,12–15,18,19,24–28 and confocal 
microscopy,29 among others.4,8 Histology remains the 
gold standard; however, because of potential sampling 
error, processing delays, and its inherent invasiveness, 
it has little application in clinical practice.

A promising parameter for burn depth assess-
ment has been its correlation with skin perfusion. 
Superficial burn injury causes an inflammatory  
response and increased perfusion to the burn site.30 
Deeper burns destroy more of the dermal microvas-
culature, and thus, the postinjury perfusion increase 
is not as robust or is instead, decreased.31,32 Near in-
frared (NIR) spectroscopy and laser Doppler imag-
ing (LDI) are two experimental techniques that rely 
on this principle. Some promising reports regarding 
burn depth estimation are available using NIR spec-
troscopy,31–33 and LDI has shown great promise in 
studies.13–15,19,24–28

In our laboratory, we have studied hyperspectral 
imaging (HSI) as an alternative method of nonin-
vasive diagnosis of tissue perfusion34,35 OxyVu2 (Hy-
perMed, Greenwich, Conn.) is an FDA-approved, 
commercially available imager in the visible spec-
trum HSI (vsHSI), which utilizes wide-field diffuse 
reflectance spectroscopy. vsHSI has been used by 
our group to quantify postradiation dermal perfu-
sion changes in an animal model34,35 and is currently 
being used to predict healing potential of diabetic 
foot ulcers.36

In this report, we characterize the dermal perfu-
sion and oxygenation profiles of 3 burn depths dur-
ing the first 3 days post injury: intermediate-dermal 
(ID), DD, and FT injuries. Second, we assess wheth-
er vsHSI could differentiate the burn depth groups 
based on any of the parameters it quantified: oxygen-
ated hemoglobin (oxyHb), deoxygenated hemoglo-
bin (deoxyHb), total hemoglobin (tHb), or oxygen 
saturation (StO2).

METHODS

Animals	and	Thermal	Burn	Procedure
All handling of and procedures performed with 

animals was done in accordance with a protocol 
(UMass IACUC Protocol #A2454) approved by our 
Institutional Animal Care and Use Committee.

Seventy-two immune-competent, adult 6–8 weeks 
old male mice (SKH-1 Elite, Charles River Labora-
tories, Wilmington, Mass.) weighing 28–32 g were 
used. Anesthesia for thermal burn procedure and 
imaging was performed with a mixture of ketamine 
(55 mg/kg) and xylazine (5 mg/kg). Tattoo marks 
were placed on the dorsum of the mice to act as fidu-
cial marks. After anesthesia, the dorsal skin was dis-
tracted from the body, and a 1.5-cm diameter brass 
rod of 82 g heated to 50°C (n = 12), 55°C (n = 12), 
60°C (n = 12), 70°C (n = 12), 80°C (n = 12), or 90°C  
(n = 12) was applied to the dorsum of the anesthetized 
mice (gravity only) for 10 seconds creating thermal 
injury of graded severity. Animals received subcu-
taneous, slow release buprenorphine (0.2 mg/kg)  
and intraperitoneal 1 mL of normal saline after 
the burn procedure. Mice randomly were killed at  
72 hours after burn injury (n = 72), and biopsy sam-
ples were taken for histological analysis.

Histological	Burn	Depth	Analysis
Punch skin biopsies were taken from the center 

of burns at 72 hours post injury to evaluate burn 
progression during the first 3 days post injury.37,38 
Biopsies were fixed in buffered formalin and em-
bedded in paraffin. Ten-μm- sections were stained 
with Masson’s Trichrome, a stain favorable in partial 
burns because of its magenta-red coloring of dena-
tured collagen, indicative of the extent of partial 
burn, whereas rapid FT burns are characterized by 
a glass-like fixed appearance.39 Images were taken 
with an Olympus microscope at 10× magnification. 
Burn depth was measured with a linear tool of Image 
J from every picture at 3 places in each image: left, 
center, and right. Percent burn depth was defined 
as depth of denatured collagen divided by depth to 
Panniculus carnosus muscle × 100. Averages were 
taken of all the depths measured for each tempera-
ture of burn.

Evaluation	of	Cutaneous	Perfusion	and	Oxygenation	
with	vsHSI

Perfusion and oxygenation parameters of the in-
jured skin were measured with vsHSI, a noninvasive 
method of wide-field, diffuse reflectance spectros-
copy at baseline before the burn and at 2 minutes, 
1, 24, 48, and 72 hours after burn injury. Observers 
were blinded to temperature group.

The OxyVu2 device utilizes a spectral separator to 
vary the wavelength of visible light entering a digital 
camera and provides a diffuse reflectance spectrum 
for every pixel. Using proprietary algorithms, these 
spectra are then compared with standard transmis-
sion solutions to calculate the concentration of 
oxyHb and deoxyHb in each pixel, from which spa-
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tial maps of these parameters are constructed and 
used for quantification of cutaneous perfusion and 
oxygenation. These maps were analyzed with MAT-
LAB R2010b (Mathworks Inc., Natick, Mass.). Mean 
values of oxyHb and deoxyHb were calculated for 
a 79-pixel area (1 cm diameter) corresponding to 
the burned skin. This 79-pixel area was determined 
precisely over time with reference to the fiducial 
tattoo marks that were placed before burn injury. 
OxyHb and deoxyHb values were summed to yield 
total tissue hemoglobin (tHb), which represents 
total blood volume and thus total perfusion in the 
area of skin examined. Tissue StO2 was calculated 
as oxyHb divided by tHb.

Postburn oxyHb, deoxyHb, tHb, and StO2 values 
are expressed as relative to preburn values within the 
same area of skin to account for oxygenation differ-
ences between animals at baseline.

Statistical	Analysis
Descriptive statistics were conducted on all of the 

measures of hemoglobin concentration: oxyHb, de-
oxyHb, tHb, and StO2 at the burn site at each time 
point, including 2 minutes, 1, 24, 48, and 72 hours 
after the induced burn. We used a series of Kruskal–
Wallis tests to determine whether there are any sig-
nificant differences in hemoglobin concentration 
measures by the class of burn. A separate test for each 
measure of hemoglobin concentration at each sepa-
rate time measure was performed. Nonparametric 
post-hoc Wilcoxon rank sum tests comparing wheth-
er a hemoglobin measure was different between two 
specific classes of burn at the same time point was 
applied. Post-hoc tests were only conducted when 
the omnibus Kruskal–Wallis test found a significant 
difference in hemoglobin measures by the 3 class-
es of burn: ID, DD, and FT. All statistical tests were 
performed using Stata 13 (StataCorp LP, StataCorp. 
2013. Stata Statistical Software: Release 13. College 
Station, Tex.). All averages are reported with ±1 SD, 
and results were considered significant when P value 
was less than 0.05.

RESULTS

Histological	Assessment
Three discrete levels of burn depth were identi-

fied histologically. Fifty and 55ºC groups produced 
no injury. The 60ºC group resulted in 58% (±18) 
of dermal damage, which was classified as ID burn. 
The 70ºC group resulted in 80% (±14) of dermal 
damage, which was classified as DD burn. Both 80 
and 90ºC groups resulted in FT injury 95% (±13%) 
and 99% (± 2%), respectively (Fig. 1). Analysis of 
variance of all groups (no injury, ID, DD, and FT) 

demonstrated significant differences between burn 
levels (data not shown).

Evaluation	of	Cutaneous	Perfusion	and	Oxygenation	
with	vsHSI

Total Hemoglobin
The ID burn group exhibited a rise in tHb begin-

ning at 2 minutes post injury, peaked at 48 hours with 
a 72% (±30) increase over baseline and continued to 
be elevated until the end of the experiment at 72 hours 
with a 53% (±29) increase over baseline. The DD group 
also exhibited an increase in tHb over baseline levels, 
though to a lesser extent than the ID group, with a tHb 
peak at 48 hours of 25% (±38) increase over baseline 
levels and a 22% (±30) increase at 72 hours. FT injury 
had a reduction in tHb beginning at 1 hour to 67% 
(±33) of baseline levels and reached the lowest point 
at 24 hours at 36% (±8) of baseline levels; at 72 hours, 
tHb levels were 44% (±17) of original levels (Fig. 2).

Oxygenated and Deoxygenated Hemoglobin
Figure 3 shows the changes in deoxyHb and  

Figure 4, changes in oxyHb, of each burn depth, 
over 72 hours post injury. The ID burn group had 
the greatest rise in both oxyHb and deoxyHb. ID 
group’s oxyHb peaked at 48 hours at 134% (±82) 
increase over baseline, and its deoxyHb peaked at  
24 hours with 52% (±42) over baseline.

DD burn group had a peak of oxyHb at 1 hour at 
69% (±53) over baseline, and then it trended down, 
with 32% (±41) over original levels at 72 hours. DD’s 
deoxyHb initially decreased after injury, at 63% 
(±15) of baseline levels, at 1 hour. Then, it increased 
to preburn levels by 24 hours and to 1.20 above base-
line levels at 48 and 72 hours.

FT burn group had an increase in oxyHb of 49% 
(±22) at 1 hour, followed by a decrease of 48–50% of 
baseline levels at 24, 48, and 72 hours. The deoxyHb 
in the FT group decreased at 1 hour to 36% (±14) and 
at 24 hours to 31% (±7) of baseline levels; at 48 and 72 
hours, deoxyHb recovered slightly to 38% (±11) and 
44% (±17) of baseline levels, respectively.

Oxygen Saturation
Figure 5 depicts saturation changes in the 3 burn 

depth groups post injury. At 1 hour post injury, FT 
group had the greatest increase in saturation, 108% 
(±64) increase over baseline. DD exhibited a 74% 
(±36) increase and ID a 44% (±62) increase over 
baseline.

Assessing	Early	Differences	between	Burn	Groups

Intermediate Dermal versus Deep Dermal
ID versus DD perfusion measurements were statisti-

cally different at 1 hour for the following parameters: 
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deoxyHb (P < 0.001), tHb (P < 0.01), and StO2 (P < 
0.05). oxyHb did not differentiate ID versus DD burns 
at 1 or 24 hours, P = 0.95 and P = 0.41, respectively.

Deep Dermal versus Full-Thickness
DD versus FT injury perfusion measurements 

were statistically different at 1 hour for the following 
parameters: deoxyHb (P < 0.001), tHb (P < 0.001), 

and StO2 (P < 0.05). oxyHb was not significant at 1 
hour (P = 0.09). At 24-, 48-, and 72-hour time points, 
all parameters remained statistically significant, with 
the exception of saturation.

Intermediate Dermal versus Full-Thickness
ID versus FT burns were statistically different 

for the following parameters at 1 hour: deoxyHb 

Fig. 1. macroscopic, histological, and vsHSi comparisons at 3 days post burn. a, E, i, unburned 
skin; B, F, J, iD burn; C, G, K, DD burn; and D, H, l, full-thickness burn. a–D show gross view, 
E–H show vsHSi (OxyHb parameter), i–l show histology 10× magnification and stained with 
masson’s trichrome.

Fig. 2. total hemoglobin (tHb) variations in 3 depths of burn. tHb is relative to its preburn baseline for the  
3 depths of burn, measured during the first 72 hours post injury. all values are expressed as mean ± SD of the mean. 
Statistical significance of P value of less than 0.05 between iD and DD burns is indicated with an asterisk (*).
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(P < 0.001), tHb (P < 0.001), and StO2 (P < 0.001). 
OxyHb was not statistically significant at 1 hour, 
with P = 0.14. As for all other comparisons, StO2 was 
only significant at 1 and 72 hours, whereas all other 
parameters remained significant for the rest of the 
time points: 24, 48, and 72 hours.

Early	Prediction	of	Burn	Depth
When 1-hour tissue StO2 was related to final  

72-hour burn depth, a regression analysis demon-
strated a strong linear correlation between StO2 and 
burn depth (R2 = 0.94; P < 0.001). This suggested that 
early 1-hour tissue StO2 may be related to final burn 
depth 3 days later (Fig. 6). None of the other param-
eters demonstrated a correlated pattern at 1 hour.

DISCUSSION
The purpose of this study was two-fold: to char-

acterize dermal perfusion and oxygenation in  
3 sequential depths of burn over the dynamic, 3-day 
period after burn injury and to assess whether vsHSI 
could differentiate depths of injury, based on any of 
the parameters it quantifies: oxyHb, deoxyHb, tHb, 
or StO2.

Several experimental approaches have used tissue 
perfusion for burn depth estimation including LDI,12–

15,18,19,24–28 indocyanine green videoangiography,40,41 
transcutaneous capillary videomicroscopy,42 reflec-
tance-mode confocal microscopy,29 spatial frequency 
domain imaging,43,44 and NIR spectroscopy.31–33 These 
techniques share a common premise; they assess  

Fig. 3. Deoxygenated hemoglobin (deOxyHb) variations in 3 depths of burn. DeOxyHb is relative to its  
preburn baseline for the 3 depths of burn, measured during the first 72 hours post injury. all values are 
expressed as mean ± SD of the mean. Statistical significance of p value of less than 0.05 between iD and DD 
burns is indicated with an asterisk (*).

Fig. 4. Oxygenated hemoglobin (OxyHb) variations in 3 depths of burn. OxyHb is relative to its preburn baseline for 
the 3 depths of burn, measured during the first 72 hours post injury. all values are expressed as mean ± SD of the 
mean. Statistical significance of p value of less than 0.05 between iD and DD burns is indicated with an asterisk (*).
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dermal perfusion, which is then used as an analog 
for tissue viability. Of the aforementioned methods of 
optical perfusion quantification,45 the technique that 
is most similar to our experimental methods is NIR 
spectroscopy, for both NIR and vsHSI quantify oxyHb 
and deoxyHb.31–33

OxyVu2, the vsHSI device used in our study, 
differs from NIR spectroscopy in that it uses wave-
lengths of visible light, specifically 500–660 nm, 
rather than the NIR spectrum, 700–1000 nm. NIR 
light penetrates deeper into soft tissues, 1–2 cm,33 
whereas the visible spectrum has greater absorp-
tion by chromophores in the skin and thus does 

not penetrate as far, specifically 1–2 mm.46,47 One to 
two millimeters is also the depth of penetration of 
LDI48 and a good approximation of the human der-
mis, most of which is 1–2 mm thick, with the total 
range being from 0.5 mm on eyelids to 6 mm be-
tween shoulder blades.49 Cross et al32 demonstrated 
that superficial and FT burns could be differentiat-
ed with NIR spectroscopy in human subjects; how-
ever, intermediate and deep partial burns have not 
yet been differentiated. As the difference between 
superficial-dermal and DD burns is in the extent 
of dermal damage, we hypothesized that a more 
robust difference in perfusion between this “gray-

Fig. 5. Oxygen saturation (StO2) variations in 3 depths of burn. StO2 is relative to its preburn baseline for 
the 3 depths of burn, measured during the first 72 hours post injury. all values are expressed as mean ± 
SD of the mean. Statistical significance of P value of less than 0.05 between iD and DD burns is indicated 
with an asterisk (*).

Fig. 6. Final burn depth compared with oxygen saturation (StO2). Final burn depth at 72 hours post injury 
plotted against relative StO2 change at 1 hour demonstrated a strong linear correlation (R2 = 0.94; P < 0.001).
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zone” of injury may be apparent using the visible 
rather than the NIR spectrum.

Perfusion	Profiles
ID burn group exhibited the greatest increase 

in oxyHb, deoxyHb, and tHb throughout the study, 
followed by DD burns, which also demonstrated an 
increase in perfusion parameters, albeit to a lesser 
degree. FT burns exhibited a decrease in perfusion 
parameters (Figs. 2, 3, 4). As part of the dermis is de-
stroyed, an inflammatory reaction takes place, which 
signals for increased perfusion to the burn site30 The 
more superficial the burn, the more of the dermal 
microvasculature is intact, and thus, an increased de-
mand in perfusion can be met with an increased sup-
ply and delivery to tissues. In deeper burns, where 
more of the dermal microvasculature is destroyed, 
perfusion is compromised. Similar trends in post-
burn perfusion were also observed by another group 
when using NIR technology.31,32

A surprising finding in FT injury was increased 
oxyHb to 49% over baseline at 1 hour, before its 
drop at 24 hours. Possible explanations include the 
formation of traumatic microhemorrhages because 
of extreme thermal damage, poor oxygen extraction 
by the severely injured tissue, or a combination of 
both.50

Oxygenation	Profiles
An interesting finding that did not follow prior 

NIR results31,32 was tissue oxygenation at 1 hour post 
injury. FT burns exhibited the greatest increase in 
StO2, 108% increase over baseline; DD burns exhib-
ited a 74% increase; and ID burns, the smallest in-
crease over baseline: 44% (Fig. 5). This observation 
may be because of acute changes in vascular perme-
ability after injury with vessels sustaining more dam-
age and exhibiting greater vascular leak.

In contrast to our findings, NIR spectroscopy 
work demonstrated the greatest decrease of StO2 
in FT injury and the smallest decrease in superfi-
cial burn.31 However, as NIR penetrates deeper than 
vsHSI, 2 cm versus 2 mm, respectively, it is likely that 
these techniques capture different vascular networks 
and thus a different response to healing. This is sup-
ported by a finding that saturation trends differed 
between NIR and vsHSI when monitoring the same 
amputation wounds with both techniques: NIR ex-
hibited a decrease in saturation over several days 
(80–68%) and vsHSI, an increase (62–70%), meet-
ing at a similar saturation.51

Differentiating	Burn	Depth
We found the most reliable differentiators of 

burn depth at the majority of time points were tHb 

and deoxyHb. OxyHb alone had wide variability 
and did not reliably differentiate burn depths until  
48 hours. StO2 seemed statistically significant at  
1 hour between all the burn depths, but this differ-
ence disappeared at 24 and 48 hours suggesting that 
the StO2 change is transient. We believe these chang-
es in StO2 to be the most powerful predictor of burn 
depth as StO2 seems to be highly correlated to final 
burn depth and may be an early predictive indica-
tor of burn severity. A reliable predictive indicator 
of final burn depth has not been previously demon-
strated and could be a valuable tool for staging early 
excisions and application of mitigating therapies.

FUTURE	DIRECTIONS
Although this mouse model shows promising  

results of vsHSI utility in burn depth differentiation, 
further translational study using a porcine model 
may help validate our findings because the dermal 
thickness and burn injury are more similar to hu-
man skin.52,53 In addition, clinical validation of vsHSI 
is needed. Questions of debris, blisters, ointments, 
and their effects on vsHSI readings have yet to be 
elucidated, as these have confounded LDI and indo-
cyanine green videoangiography measurements in 
burn depth assessments.54–56

Comparisons of vsHSI and LDI in burn depth 
differentiation are also needed, as LDI has proven 
to be an excellent aid in burn depth determination 
and is arguably the best current burn depth pre-
dictor, besides histology. Although LDI and vsHSI 
techniques examine differing parameters of per-
fusion, flow, and hemoglobin concentration, their 
penetrating depth is similar at 1–2 mm,48 which 
gives promise to vsHSI in its burn differentiating 
utility. An asset that vsHSI brings is the ability to 
quantify the oxygenation status of tissue. This may 
help discern thrombosis versus arterial spasm or de-
tect early metabolic changes of dying tissues. Fur-
thermore, when compared with NIR, the property 
of vsHSI to remain relatively superficial in perfu-
sion assessment may be helpful in estimating the 
desired depth of tangential excisions.57
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