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a b s t r a c t
Introduction: Radiation therapy is crucial to effective cancer treatment. Modern treatment strategies have
reduced possible skin injury, but few clinical studies have addressed the dose relationship between radiation exposure and skin reaction. This prospective clinical study analyzes skin oxygenation/perfusion in
patients undergoing fractionated breast conserving therapy via hyperspectral imaging (HSI).
Methods: Forty-three women undergoing breast conserving therapy were enrolled in this study. Optically
stimulated luminescent dosimeters (OSLDs) measured radiation exposure in four sites: treatment breast,
lumpectomy scar, medial tattoo and the control breast. The oxygenation/perfusion states of these sites
were prospectively imaged before and after each treatment fraction with HSI. Visual skin reactions were
classified according to the RTOG system.
Results: 2753 observations were obtained and indicated a dose-response relationship between radiation
exposure and oxygenated hemoglobin (OxyHb) after a 600 cGy cumulative dose threshold. There was a
relatively weak association between DeoxyHb and radiation exposure. Results suggest strong correlations
between changes in mean OxyHb and skin reaction as well as between radiation exposure and changes in
skin reaction.
Conclusion: HSI demonstrates promise in the assessment of skin dose as well as an objective measure of
skin reaction. The ability to easily identify adverse skin reactions and to modify the treatment plan may
circumvent the need for detrimental treatment breaks.
Ó 2017 The Authors. Published by Elsevier Ireland Ltd on behalf of European Society for Radiotherapy and
Oncology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

Introduction
Radiation therapy remains a critically important and valuable
component for oncologic patient care. Modern equipment and
refined treatment algorithms have improved normal tissue effects
from treatment particularly in breast. However, the use of
increased radiation dose to tumor targets and compressed radiation treatment fractionation schedules still lead to significant
ischemic effects of radiation therapy on dermal circulation and
⇑ Corresponding author at: Occupational and Environmental Medicine Program,
Harvard T.H. Chan School of Public Health, 665 Huntington Avenue, I-1402, Boston,
MA 02115, USA.
E-mail address: mchin.md@gmail.com (M.S. Chin).

subcutaneous tissue in other parts of the body. It is still unclear
whether or not there is a dose–response relationship between radiation to both skin oxygenation and adverse skin reactions. Furthermore, from a surgical perspective, since reconstruction often
requires operating within irradiated tissue, better understanding
the underlying changes in skin microcirculation is paramount.
Encouraging earlier clinical studies demonstrated that laser
Doppler flowmetry (LDF) could be used to study acute changes in
cutaneous microvasculature [1,2], but LDF is based on the capillary
flow velocity and may not be reflective of physiological tissue oxygenation. Our lab has focused on hyperspectral imaging (HSI) for
evaluation of skin oxygenation and perfusion after a variety of injuries. HSI derived oxygenation has been shown to correlate with
transcutaneous PO2 measurements as well as intravascular volume

http://dx.doi.org/10.1016/j.ctro.2017.03.003
2405-6308/Ó 2017 The Authors. Published by Elsevier Ireland Ltd on behalf of European Society for Radiotherapy and Oncology.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

16

M.S. Chin et al. / Clinical and Translational Radiation Oncology 4 (2017) 15–23

[3–5]. We have utilized a commercially produced HSI device,
which provides near real-time analysis of oxygenated and deoxygenated hemoglobin (OxyHb and DeoxyHb, respectively) content
in skin. In previous animal studies, we successfully demonstrated
that this technology reliably detects and assesses skin changes
after exposure to both ionizing and thermal radiation [6–8]. Our
translational studies on the acute phase suggest that cutaneous
changes in oxygenation may be dose related and that this may
be a potential surrogate marker for radiation exposure [9]. Subsequent studies by other investigators have used similar spectroscopic techniques and validated dose related oxygenation
changes [10,11]. However, these previous studies have all been
based on single fraction exposures of radiation and therefore have
limited external validity to clinical fractionated radiation
schedules.
In this prospective clinical study, we utilize fractionated dose
therapy in breast cancer patients undergoing breast conserving
therapy (BCT) radiation as a model for radiation exposure. By measuring their received dose at the skin level and assessing their skin
oxygenation at those sites using our previous HSI methodology, we
evaluate any correlation between dose and skin oxygenation level
in the acute treatment phase. We designed this study around
breast cancer patients since their standardized treatment maps
provide consistent sites for comparison. Based on our previous
studies, we hypothesize that breast skin OxyHb level will rise during the period of irradiation.
Methods
Under IRB approved protocol, all patients (n = 43) were
recruited from the Radiation Oncology Clinic at the University
Campus of UMass Memorial Healthcare Center. Women aged 18–
85 who were planning on having breast radiation as part of breast
conserving therapy (i.e. lumpectomy plus radiation) and were able
to provide informed consent were invited to participate in the
study. However, patients with previous breast irradiation in situations where radiation therapy prescription doses may be altered
(excluding boost dosage), inflammatory skin diseases (e.g. psoriasis, eczema) over the breast area to be irradiated, and collagen vascular disease and/or other systemic vasculitides were excluded
from the study. Additionally, patients who were unable to sit or
lie down comfortably for 20 s for image acquisition were excluded.
Clinical information including patient age, BMI, smoking status,
significant past medical history, and history of chemotherapy were
recorded. All patients were enrolled and consented to the study
either by their radiation oncologist or the study coordinator.

after radiation exposure. Cumulative dose measurements were calculated for each treatment site as number of treatment fractions
times OSLD measurement, with additions accounting for any boost.
Hyperspectral imaging
Our group has previously established the use of monitoring of
irradiated skin using HSI [8,9]. A commercial FDA-approved hyperspectral device (OxyVu-2TM (Hypermed, Inc., Waltham, MA)) was
used to obtain images at each OSLD measurement site (TB, SCAR,
MT and CONTROL) at baseline before therapy as well as before
and after each treatment fraction. The OxyVu-2TM analyzes the skin
content of oxygenated and deoxygenated hgb at a depth of 2 mm,
which corresponds anatomically to the subdermal plexus. The system was calibrated to a reference card for all acquisitions, and pixel
reflectance was determined relative to this standard reflectance. A
target dot was used to correct for motion artifact from respiratory
effort. Patients were asked to position themselves prone on
stretcher during the imaging. Spatial maps of tissue oxygenation
were then generated using the device’s proprietary algorithms.
The general optical properties of this device have been previously
described [12]. A narrow band-pass, liquid–crystal tunable filter
(LCTF-10-20, CRI, Inc. Hopkinton, Massachusetts) was used to vary
the wavelength of light passed on to a digital imaging detector
(Guppy F-146B, Allied Vision Technologies, Stadtroda, Germany)
to provide many images at 15 select wavelengths between 500
and 660 nm. Broadband light-emitting diodes were used to illuminate the sample (LUXEON, Philips Lumiled, Inc. San Jose, California). Twenty-second scans of tissue samples were obtained at
approximately a 17-inch focal distance. Color images were created
from the scans to demonstrate tissue oxygenation spatially. The
spatial resolution of the OxyHb and DeoxyHb images was 60 lm.
Skin reaction assessment
At each HSI acquisition, a concurrent digital photograph was
obtained of each measured site. These photographs were graded
by two independent technicians using the RTOG skin toxicity scale
on a categorical scale of 0 through 4 (0 = no reaction, 1 = slight erythema, 2 = bright erythema or patchy desquamation, 3 = confluent
desquamation, or 4 = ulceration) [13]. The average grading score
between the two technicians was used for analysis. Due to a computer hard drive failure there were 10 women with lost data for at
least one skin reading; in this case the single technician’s reading
was used in lieu of a mean.

Radiation measurement

Statistical methods

Breast irradiation for breast conserving therapy involved two
opposing X-ray beams from a megavoltage medical linear accelerator. Radiation dose measurements at the skin surface were
assessed by use of optically stimulated luminescent dosimeters
(OSLD). Calibrated OSLDs were placed on each patient’s chest in
four areas during the initial treatment fraction. Three measured
areas were in the irradiated field: middle of treatment breast
(TB), lumpectomy scar site (SCAR), and medial tattoo (MT). TB
and SCAR sites were selected since they were always within the
irradiated field. MT was chosen as a readily identifiable site in each
patient that could demonstrate a dose gradient as it is offset from
the target site. One OSLD was placed on the nipple of the untreated
breast as control (CONTROL). (Fig. 1) All subsequent fractions were
assumed to have the same skin dose, unless a boost was noted. In
this case, an additional OSLD was placed and measured that session’s additional doses. Each OSLD was developed and read 24 h

We examined the unadjusted dose-OxyHb association by computing mean change in OxyHb in each successive cumulative dose
interval, in 200 cGy dose increments. We computed the linear
slope as cumulative dose increased (adjusted for woman), to help
assess the general shape of association, and to identify at what
cumulative dose the association becomes detectable.
We used a mixed model, in which individual woman was treated as a random effect, to examine the association between cumulative radiation dose and change from baseline OxyHb or DeoxyHb
at skin surface. Cumulative radiation dose was the cumulative sum
of each day’s dose, including any boost doses. Changes in hemoglobin were differences between measurements immediately after a
daily dose, and baseline hemoglobin before treatment, where each
woman had a different baseline at each location (TB, SCAR, MT, and
CONTROL, where CONTROL received minimal or insignificant
radiation).
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Fig. 1. (Above) Schematic of CONTROL (A), MT (B), SCAR (C) and TB (D) sites. Arrows indicate OSLD placement. (Below) Mean unit change since baseline in oxygenated and
deoxygenated hemoglobin by cumulative radiation interval (n = 1770 observations at scar and treatment breast).

The method of fractional polynomials was used to examine possible non-linearity between dose and hemoglobin change [14].
Associations were assessed independently for each radiation location. We tested for possible modifications to the dose-hemoglobin
associations by adding the following covariates to our final models,
one at a time: age, body mass index, Fitzpatrick score, and history
of chemotherapy, smoking, hypertension and type II diabetes.
Because the effect of cumulative dose might differ depending on
how rapidly it was attained, we included day since baseline in final
models, to help control for time (the dose-hemoglobin estimate
may then be interpreted as being at a random day since baseline).
Differences in dose-hemoglobin associations at the 3 main locations (TB, SCAR, and MT), were evaluated by comparing model likelihoods for models with additional terms for location-specific
estimates to models without the additional terms. To obtain a
sense of how much of the variation in OxyHb is due to cumulative

dose plus the individual woman, we computed coefficients of correlation (R2) for final adjusted models by ordinary least squares
regression, treating individual woman as a fixed effect.
A two-sided a-level of 0.05 was used to determine statistical
significance and report confidence intervals. All analyses were conducted using the SAS software package, version 9.3 (SAS Institute).
Categorical variables are shown as frequencies with proportions;
continuous variables are shown as means with minimum, maximum, and standard deviation.

Results
Our study sample consisted of 43 women of mean age 58 years
(range 42–82), mean BMI 29 kg/m2(range 20–46), mean Fitzpatrick
scale 2.6 units (range 1–5), 33% had a past history of chemother-
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apy, 42% had past or current smoking, 28% were hypertensive, and
4.7% had type 2 diabetes (Table 1).

Relationship between radiation dose and change in hemoglobin
Forty-three women having 2753 observations at TB, SCAR, and
MT were included in analyses. Data from the control breast were
ignored, as radiation and changes in hemoglobin were minimal
there. Mean treatment time since baseline was approximately
16 days, with most treatments extending to approximately 31 days
with a maximum of 36 days.
For OxyHb response to dose changes, we analyzed 41 women
with data at MT, 36 at SCAR, and 43 at TB (Table 2). Eight observations with a total dose >5000 cGy were excluded, since there was
not enough information at such high doses to reach firm conclusions. Observations below a dose level of 2 cGy for OxyHb were
also excluded, as the noise from the hyperspectral measurements
becomes dominant. The mean dose at scar and TB was approximately 2000 cGy, with maxima 4942 cGy and 4547 cGy respectively. The mean dose at MT was approximately 1000 cGy with a
maximum of 3366 cGy. Mean changes in OxyHb since baseline
were larger and similar at SCAR and TB than at MT, and uniformly
larger than mean changes in DeoxyHb.
Unadjusted mean changes in OxyHb and DeoxyHb at successive
cumulative radiation dose intervals up to 4942 cGy, for 36 women
with a total of 1770 observations at SCAR (n = 868) and TB
(n = 902), appear in Table 3. For this analysis, we omitted 7 women
who had TB but no SCAR data, and MT because of its narrower dose
range. Linear slopes were estimated (adjusted for random woman)
between change in cumulative dose and change in hemoglobin,

Table 1
Demographics and medical history (n = 43 women).
n (%)
Lumpectomy
Prior Chemotherapy

42 (100)
14 (33)

Dose Prescribed (cGy)
4256
4500
4600
4680
5000
5040
5220

5 (12)
4 (9.3)
5 (12)
3 (7.0)
2 (4.7)
23 (53)
1 (2.3)

Number of treatment Fractions
16
20
23
25
26
28
29

5 (12)
1 (2.3)
4 (9.3)
4 (9.3)
3 (7.0)
25 (58)
1 (2.3)

Fitzpatrick Skin Score
1
2
3
4
5

2 (4.7)
18 (42)
17 (40)
5 (12)
1 (2.3)

BMI
<25
25.0–29.9
30+

13 (32)
14 (34)
14 (34)

Comorbidities
Diabetes
History of smoking
Vascular disease
Anemia
Hypertension

2 (4.7)
18 (42)
12 (28)
6 (14)
12 (28)

where each interval extends from 0 cGy to the interval endpoint
(eg, for the interval 200–<400 cGy, the slope estimate includes
the 138 observations between 0 and <400 cGy). The cumulative
linear slope estimate becomes quite statistically significant
(p < 0.0001) between 600 and 800 cGy cumulative dose for OxyHb,
and between 2600 and 2800 cGy for DeoxyHb. The linear association appears relatively weak for DeoxyHb, but strong and increasing with higher dose for OxyHb to a maximum slope of 1.8 hgb
units per 100 cGy.
A plot of mean change in hemoglobin per cumulative radiation
interval to be linear for OxyHb; a lesser, possibly linear association
is seen for DeoxyHb (Fig. 1). We did not analyze DeoxyHb further
because of this relatively weak association.
Estimating a model based on SCAR and TB locations
The mixed model was used to examine the association between
cumulative radiation dose and change in OxyHb for the 36 women
with both SCAR and TB data, since the range of cumulative dose
was similar at each location.
The final model was of the form:
Change in oxygenated hgb since baseline = cum dose/100 cGy
+ (cum dose/100 cGy)0.5,
where cum dose is the cumulative radiation dose in cGy.
The first 2 terms were derived from the method of fractional
polynomials (p < 0.0001 vs linear cum dose). No other covariates
(see Statistical Methods) were statistically significant in the above
model, except for day of measurement (p = 0.0003). Models for
SCAR and TB had the same functional form (as above), and location
was not statistically significant (p = 0.09). Since SCAR and TB had
the same model form, we have 2 independent pieces of evidence
for the shape of association up to cumulative dose <5000 cGy.
In ordinary least squares regression, the R2 (% variation in
OxyHb explained by a covariate(s)) for a model containing cumulative dose as specified above (and no other covariates) was 41%;
66% after adding woman as a fixed effect. For cumulative dose
modeled as a single linear term, R2 were 40% and 65%, respectively.
Comparable R2 for linear DeoxyHb were 6% (cumulative dose
alone) and 37% (adding patient).
Comparison of MT, SCAR, and TB locations using the final model
We refit mixed models for the 29 women who had information
at MT (448 observations), SCAR (445 observations), and TB (443
observations), to see if MT, with its lower cumulative dose, had a
similar association between OxyHb and dose as SCAR and TB;
and to compare the association found in the previous section for
SCAR and TB at their full dose range (Fig. 2) to the association at
a more restricted dose range, 383–2686 cGy. This range represents
the 5th percentile for SCAR and 95th percentile for MT dose,
respectively, ensuring a good degree of dose overlap at all 3
locations.
Best-fitting models were:
MT change in OxyHb = (cum dose/100 cGy)-0.5 + ln(cum
dose/100 cGy).
SCAR and TB change in OxyHb = (cum dose/100 cGy) 2 + (cum
dose/100 cGy)2.
These models were statistically significantly better than a linear
cumulative dose association (p = 0.0005 for MT, p = 0.004 for SCAR
+ TB vs linear). SCAR and TB had similar non-linear individual associations, although not of the same exact form; the form shown
above is for the 2 locations combined. When other covariates were
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Table 2
Summary of cumulative radiation dose and changes in hemoglobin (hgb), by treatment location.
Location

# of observations

Minimum

Maximum

Median

Mean

Medial tattoo (41 women):
Cumulative dose, cGy
Change in oxygenated hgb, units
Change in deoxygenated hgb, units

828
828
828

23
2
26

3366
141
316

798
16
2

1013
25
3.3

Scar (36 women):
Cumulative dose, cGy
Change in oxygenated hgb, units
Change in deoxygenated hgb, units

868
868
868

125
2
36

4942
158
124

2044
32
5

2073
40
7.0

Treatment breast (43 women):
Cumulative dose, cGy
Change in oxygenated hgb, units
Change in deoxygenated hgb, units

1057
1057
1057

8.6
2
51

4547
176
78

1945
32
3

1967
40
2.6

Table 3
Unadjusted mean changes since baseline in oxygenated and deoxygenated surface blood hemoglobin, at increasing cumulative radiation dose interval, and cumulative linear
slopes (36 women with 1770 observations at scar and treatment breast).
N

Median since baseline

Days Cum dose

Mean Oxy hgb

Cum linear slope* (p-value)

Mean Deoxy hgb

Cum linear slope* (p)

53
85
82
81
92
99
95
100
98
99
102
93
90
98
89
88
91
73
64
40
58

7 days
2
4
5
7
9
10
12
13
15
16
18
19
21
22
24
26
26
28
29
31

0–<200 cGy
200–<400
400–<600
600–<800
800–<1000
1000–<1200
12001400
1400–<1600
1600–<1800
1800–<2000
2000–<2200
2200–<2400
2400–<2600
2600–<2800
2800–<3000
3000–<3200
3200–<3400
3400–<3600
3600–<3800
3800–<4000
4000–4942

16.8 units
14.5
13.8
18.9
22.2
21.8
27.3
28.0
30.6
32.0
36.0
44.9
46.9
57.1
53.0
58.6
66.9
63.3
78.0
80.2
75.3

1.31
1.31
0.64
1.17
1.50
1.26
1.40
1.35
1.32
1.29
1.32
1.43
1.50
1.60
1.61
1.65
1.74
1.75
1.80
1.84
1.84

.43 units
1.5
2.3
1.7
1.4
2.5
3.6
2.1
2.8
4.3
2.8
3.3
4.5
8.5
4.9
9.8
11.8
6.6
10.4
13.2
10.4

2.54
1.33
0.59
0.39
0.15
0.22
0.23
0.17
0.14
0.20
0.17
0.14
0.13
0.18
0.17
0.20
0.26
0.24
0.25
0.26
0.26

units (.67)
(.20)
(.19)
(**)
(**)
(**)
(**)
(**)
(**)
(**)
(**)
(**)
(**)
(**)
(**)
(**)
(**)
(**)
(**)
(**)
(**)

units (.20)
(.04)
(.11)
(.08)
(.33)
(.05)
(.01)
(.02)
(.02)
(.0002)
(.0003)
(.0003)
(.0003)
(**)
(**)
(**)
(**)
(**)
(**)
(**)
(**)

N – Number of observations in interval (combines observations from different women).
Cum – cumulative.
Oxy hgb – change in oxygenated hemoglobin, since baseline.
Deoxy hgb – change in deoxygenated hemoglobin, since baseline.
*
Increase/decrease (if negative) in oxy or deoxy hgb units per 100 cGy increase over the cumulative dose interval which begins at 0 and ends at the stated Cum dose interval
(ie, 0 < 200 cGy (n = 53), 0–<400 cGy (n = 138), . . ., 0–4942 cGy (n = 1770)), controlling for woman as a random effect.
**
p < 0.0001.

added, they were not statistically significant, except for day of
measurement (p = 0.03 for MT and p = 0.03 for SCAR plus TB).
Fig. 2 shows the general shape of association between predicted
OxyHb and cumulative radiation dose at MT, and at SCAR and TB
combined, evaluated at 16 days after baseline. As with the broader
dose range for SCAR and TB (2–4942 cGy), the association is mainly
linear (700–2700 cGy), with some upward curvature for SCAR and
TB. Between 400 and 700 cGy the MT association is negative, the
SCAR plus TB association positive.
Comparison of skin reactions to dose and hemoglobin changes
Skin reactions during treatment from 2531 scans of 42 women
were evaluated by two independent study technicians. Due to lost
data, however, there were 29 scans with only one skin reaction
score recorded. Among this subset of 2502, complete agreement
in assessed skin reaction category was 68% between the 2 technicians (radiation therapists); 0.6% differed by >1 category. Including
all scans for which there was at least one reading recorded there

were a total of 2531 readings: 27% were 0 to <1, 61% were 1 to
<2, 11% were 2 to <3, and 1% were 3 or higher. There was a strong
correlation between cumulative radiation dose and severity of skin
reaction at each of the measurement sites (Fig. 3). SCAR and TB
sites have similar mean cumulative doses for a given skin reaction,
with overlapping confidence intervals, while MT sites have smaller
mean doses for a given skin reaction.
Additionally, there was a strong correlation between change in
mean OxyHb and skin reaction (Fig. 3). Mean increases are seen
from skin reactions Null to 1 to 2, with a smaller increase from 2
to 3 and overlapping confidence intervals. As with cumulative
dose, mean change in OxyHb was similar at SCAR and TB, for a
given skin reaction.
Discussion
Despite the longstanding use of radiation therapy, there have
not been any definitive clinical studies which demonstrate the
relationships between skin dose, oxygenation, and adverse skin
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Fig. 2. Model-predicted change since baseline in oxygenated hemoglobin at combined scar and treatment breast (above), and medial tattoo locations (below), by cumulative
radiation dose (cGy). Model includes 29 women, 1336 observations, (asterisks indicate 95% CI).

reactions [2]. Our current clinical results suggest relationships
between all three in the setting of acute radiation exposure.
Near linear relationship of OxyHb change and dose
Our previous animal study demonstrated a strong indication for
a dose-dependent phenomenon. We had found that hemoglobin
had a dose-related change after increasing single fraction exposure
(500–5000 cGy) of beta-radiation [9]. Indeed, our current fractionated irradiation findings are consistent with other animal studies
demonstrating a dose-dependent effect on the microvasculature
[15–17]. Interestingly, it appears from this clinical data that there

is a threshold dose (around 600–800 cGy) at which OxyHb’s relationship to skin dose becomes statistically significant.
Because this clinical study measured the precise skin dose
received using OSLD’s, we had the ability to carefully correlate dose
with skin hemoglobin changes. Between all the sites measured
(SCAR, TB, and MT), there appeared to be largely linear associations
between cumulative dose and oxygenated hemoglobin change. We
demonstrated that between 2 and 5000 cGy, 40% of the change in
oxygenated hemoglobin was accounted for by dose. Although we
tested for other factors such as age, smoking, BMI and chemotherapy, none helped explain the dose effect; much of the remainder of
variability may be accounted for by inter-patient differences, as it

M.S. Chin et al. / Clinical and Translational Radiation Oncology 4 (2017) 15–23
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Fig. 3. (Above) Mean cumulative dose by skin reaction score, separated by radiation location site (n = 42 women, 2531 observations). Spearman correlations for TB, MT and
SCAR were 0.56861, 0.37381, and 0.58996, respectively (p < 0.0001). (Below) Mean change in oxygenated hemoglobin since baseline by skin reaction score, separated by
radiation location. Spearman correlations for TB, MT and SCAR were 0.64868, 0.54609, and 0.77246, respectively (p < 0.0001).

is known that there is a significant degree of skin response variation among patients [18,19]. The greater variability in the MT site
relative to the combined SCAR and TB model suggests that MT skin
may have a different response. We hypothesize that this difference
is due to the different nature of the sternal skin, which may
undergo significantly more chronic UV sun exposure than either
of the primary breast sites.
There was also a significant but much weaker association of
deoxygenated hemoglobin with cumulative dose. We hypothesize
that this less robust deoxygenated hemoglobin relationship differs
somewhat from our previous animal findings due to the physiologic differences between single and fractioned dosing, which
involve lower radiation doses. Lower doses have been suggested
to induce angiogenesis while higher doses have been associated
with vessel destruction and endothelial cell inhibition [20–25].
The dose-dependent nature of OxyHb change seen in our
patients appears to have a temporary decrease in OxyHb over the
first 4 or 5 days. After this time, the change in OxyHb begins to rise
to a near-linear relationship. The initial drop may be explained by
the temporary increase in DeoxyHb seen in our previous animal
study in the first 3 days after single fraction exposure [9]. Explana-

tions for this acute drop in OxyHb (or conversely, increase in DeoxyHb) may be due to the histamine release and succeeding
inflammatory response that leads to increased vascular leak
[26,27]. Previous studies have demonstrated a relationship
between increasing dose and vascular permeability [15,28,29],
and we believe this phenomenon may explain the brief initial drop
in oxygenated hemoglobin.

Skin reaction and OxyHb relationship to dose
Currently, the development of acute skin reactions during
radiotherapy usually signals a treatment break to allow the tissue
to recover. However, treatment breaks of more than a week during
breast cancer radiotherapy can negatively impact recurrence rate
and overall survival [30,31]. Treatment interruptions in other sensitive areas of the body due to skin reactions, such as head and
neck, have similarly shown decreased locoregional control and
lower overall survival [32]. The ability to identify high-risk areas
or high-risk patients who develop skin reactions earlier and modify
the treatment plan accordingly may circumvent the need for these
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detrimental treatment breaks in not only breast but other
radiosensitive areas.
One of the remaining questions regarding radiodermatitis is
whether skin reactions have a predictable relationship with dose
received, and how this could be assessed [33–35]. Although limited
to moist desquamation as the highest form of skin reaction we
observed in our study population, our data indicates that there is
a correlation between degree of skin reaction and increasing dose.
This finding is supported by our previous study of radiodermatitis
in the animal model in which increasing single fractions of beta
radiation led to increased skin reactions and damage to the
microvasculature [9]. Other preclinical studies have supported
the dose dependent effect on the dermis as well [16,17].
Our previous animal study suggested that HSI analysis of hemoglobin could predict formation of acute skin reactions [9]. Another
spectral imaging technology (DermaScope) has been studied as a
potential objective assessment tool for radiation-induced erythema; however, its correlation with clinical assessments was
not strong [36]. Our preclinical data appears to be confirmed by
the current clinical study.
We have observed that OxyHb response corresponds to the
degree of acute skin injury in TB and SCAR sites. If further validated, the OxyHb response may prove to be a valuable assessment
tool for the improved skin monitoring of patients receiving both
therapeutic and diagnostic radiologic procedures. Interestingly,
although treatment and scar sites reacted to radiation similarly,
MT differed from the other two sites with a lower skin response.
Similar to the difference in OxyHb-dose model results, we hypothesize that this is due to increased UV sun exposure in MT skin.
Limitations
Despite a significant association, dose was not a perfect predictor of OxyHb. Dose plus patient accounted for about 65% of its variability, leaving 35% unexplained. The unexplained portion may in
part be due to systematic factors we did not measure, or entirely
to individual patient variability.
The RTOG score agreement had only 68% perfect agreement
between the 2 technicians. We hoped to achieve a better representation by averaging the two technicians’ scores. This lack of consistency highlights the subjective nature of the scoring system and
the need for an objective gold standard.
Conclusions
Use of HSI hemoglobin analysis may prove useful for the realtime assessment of patient’s skin response to radiation dose.
Although breast-related skin reactions have significantly decreased
due to modern fractionation schemes, our findings might still be
applicable to other radiosensitive parts of the body, such as head
and neck. We suggest future correlational studies of our breast
model predictions to other areas of the body. Our study demonstrates strong evidence of radiation dose-response relationship,
however, inter-patient variability remains a challenge, as approximately 40% of the variability in change in oxygenated hemoglobin
is accounted for by dose, 25% by individual woman, and 35% by
causes we could not model. An upcoming analysis of this patient
cohort will correlate these early adverse reactions and OxyHb
responses to late skin morbidity.
Disclosures
HyperMed Imaging, Inc. provided the OxyVu-2 device for use in
this study. No renumeration or grant funding was received from
the company.

Acknowledgments
The authors would like to thank Dr. Lee Chin for his inspiration
and guidance in the execution of this project.

References
[1] Benediktsson K, Perbeck L. The influence of radiotherapy on skin circulation of
the breast after subcutaneous mastectomy and immediate reconstruction. Br J
Plast Surg 1999;52(5):360–4. Epub 2000/01/05. doi: S0007-1226(99)93116-8
[pii] 1054/bjps.1999.3116. PubMed PMID: 10618978.
[2] Amols HI, Goffman TE, Komaki R, Cox JD. Acute radiation effects on cutaneous
microvasculature: evaluation with a laser Doppler perfusion monitor.
Radiology
1988;169(2):557–60.
Epub
1988/11/01.
doi:
10.1148/
radiology.169.2.3051122. PubMed PMID: 3051122.
[3] Jafari-Saraf L, Wilson SE, Gordon IL. Hyperspectral image measurements of skin
hemoglobin compared with transcutaneous PO2 measurements. Ann Vasc
Surg 2012;26(4):537–48. Epub 2012/04/24. doi: 10.1016/j.avsg.2011.12.002.
PubMed PMID: 22520392.
[4] Gillies R, Freeman JE, Cancio LC, Brand D, Hopmeier M, Mansfield JR. Systemic
effects of shock and resuscitation monitored by visible hyperspectral imaging.
Diabetes Technol Ther 2003;5(5):847–55. http://dx.doi.org/10.1089/
152091503322527058. PubMed PMID: 14633350.
[5] Cancio LC, Batchinsky AI, Mansfield JR, Panasyuk S, Hetz K, Martini D, Jordan
BS, Tracey B, Freeman JE. Hyperspectral imaging: a new approach to the
diagnosis of hemorrhagic shock. J Trauma 2006;60(5):1087–95. http://dx.doi.
org/10.1097/01.ta.0000217357.10617.3d. PubMed PMID: 16688075.
[6] Chin MS, Babchenko O, Lujan-Hernandez J, Nobel L, Ignotz R, Lalikos JF.
Hyperspectral imaging for burn depth assessment in an animal model. Plast
Reconstr Surg Global Open 2015;3(12):e591. Epub 2016/02/20. doi: 10.1097/
GOX.0000000000000558. PubMed PMID: 26894016; PubMed Central PMCID:
PMC4727700.
[7] Chin MS, Freniere BB, Bonney CF, Lancerotto L, Saleeby JH, Lo YC, Orgill DP,
Fitzgerald TJ, Lalikos JF. Skin perfusion and oxygenation changes in radiation
fibrosis. Plast Reconstr Surg 2013;131(4):707–16. Epub 2013/04/02. doi:
10.1097/PRS.0b013e3182818b94. PubMed PMID: 23542244.
[8] Chin MS, Freniere BB, Lo YC, Saleeby JH, Baker SP, Strom HM, Ignotz RA, Lalikos
JF, Fitzgerald TJ. Hyperspectral imaging for early detection of oxygenation and
perfusion changes in irradiated skin. J Biomed Opt 2012;17(2):. Epub 2012/04/
03. doi: 10.1117/1.JBO.17.2.026010. PubMed PMID: 22463042026010.
[9] Chin MS, Freniere BB, Lancerotto L, Lujan-Hernandez J, Saleeby JH, Lo YC, Orgill
DP, Lalikos JF, Fitzgerald TJ. Hyperspectral imaging as an early biomarker for
radiation exposure and microcirculatory damage. Front Oncol 2015;5:232.
Epub 2015/11/19. doi: 10.3389/fonc.2015.00232. PubMed PMID: 26579490;
PubMed Central PMCID: PMC4620692.
[10] Chin L, Korpela E, Kim A, Yohan D, Niu C, Wilson BC, Liu SK. Diffuse optical
spectroscopy for the quantitative assessment of acute ionizing radiation
induced skin toxicity using a mouse model. J Vis Exp 2016;111. http://dx.doi.
org/10.3791/53573. PubMed PMID: 27284926; PubMed Central PMCID:
PMCPMC4927719.
[11] Yohan D, Kim A, Korpela E, Liu S, Niu C, Wilson BC, Chin LC. Quantitative
monitoring of radiation induced skin toxicities in nude mice using optical
biomarkers measured from diffuse optical reflectance spectroscopy. Biomed
Opt
Exp
2014;5(5):1309–20.
http://dx.doi.org/10.1364/BOE.5.001309.
PubMed PMID: 24876997; PubMed Central PMCID: PMCPMC4026905.
[12] Yudovsky D, Nouvong A, Schomacker K, Pilon L. Monitoring temporal
development and healing of diabetic foot ulceration using hyperspectral
imaging. J Biophoton 2011;4(7–8):565–76. Epub 2011/04/05. doi: 10.1002/
jbio.201000117. PubMed PMID: 21462349.
[13] Porock D, Kristjanson L, Nikoletti S, Cameron F, Pedler P. Predicting the severity
of radiation skin reactions in women with breast cancer. Oncol Nurs Forum
1998;25(6):1019–29. PubMed PMID: 9679261.
[14] Royston P, Altman DG. Regression using fractional polynomials of continuous
covariates:
parsimonious
parametric
modelling.
Appl
Statistics
1994;43:429–67.
[15] Haubner F, Ohmann E, Pohl F, Prantl L, Strutz J, Gassner HG. Effects of radiation
on the expression of adhesion molecules and cytokines in a static model of
human dermal microvascular endothelial cells. Clin Hemorheol Microcirc
2013;54(4):371–9. Epub 2012/10/24. doi: 10.3233/CH-2012-1626. PubMed
PMID: 23089880.
[16] Krishnan L, Krishnan EC, Jewell WR. Immediate effect of irradiation on
microvasculature. Int J Radiat Oncol Biol Phys 1988;15(1):147–50. Epub 1988/
07/01 PubMed PMID: 3391811.
[17] Krishnan EC, Krishnan L, Botteron GW, Dean RD, Jewell WR. Effect of
irradiation on microvasculature: a quantitative study. Cancer Detect Prev
1987;10(1–2):121–7. Epub 1987/01/01 PubMed PMID: 3568005.
[18] Bentzen SM, Overgaard J. Patient-to-patient variability in the expression of
radiation-induced normal tissue injury. Semin Radiat Oncol 1994;4(2):68–80.
http://dx.doi.org/10.1053/SRAO00400068. PubMed PMID: 10717093.
[19] Tucker SL, Turesson I, Thames HD. Evidence for individual differences in the
radiosensitivity of human skin. Eur J Cancer 1992;28A(11):1783–91. PubMed
PMID: 1389511.

M.S. Chin et al. / Clinical and Translational Radiation Oncology 4 (2017) 15–23
[20] Mao XW. A quantitative study of the effects of ionizing radiation on
endothelial cells and capillary-like network formation. Technol Cancer Res
Treat 2006;5(2):127–34. Epub 2006/03/23 PubMed PMID: 16551132.
[21] Ahmad M, Khurana NR, Jaberi JE. Ionizing radiation decreases capillary-like
structure formation by endothelial cells in vitro. Microvascular research.
2007;73(1):14–9. Epub 2006/10/10. doi: 10.1016/j.mvr.2006.08.005.
[22] Sonveaux P, Brouet A, Havaux X, Gregoire V, Dessy C, Balligand JL, Feron O.
Irradiation-induced angiogenesis through the up-regulation of the nitric oxide
pathway: implications for tumor radiotherapy. Cancer Res 2003;63
(5):1012–9. Epub 2003/03/05 PubMed PMID: 12615716.
[23] Heissig B, Rafii S, Akiyama H, Ohki Y, Sato Y, Rafael T, Zhu Z, Hicklin DJ,
Okumura K, Ogawa H, Werb Z, Hattori K. Low-dose irradiation promotes tissue
revascularization through VEGF release from mast cells and MMP-9-mediated
progenitor cell mobilization. J Exp Med 2005;202(6):739–50. Epub 2005/09/
15. doi: 10.1084/jem.20050959. PubMed PMID: 16157686; PubMed Central
PMCID: PMC2212942.
[24] Lerman OZ, Greives MR, Singh SP, Thanik VD, Chang CC, Seiser N, Brown DJ,
Knobel D, Schneider RJ, Formenti SC, Saadeh PB, Levine JP. Low-dose radiation
augments vasculogenesis signaling through HIF-1-dependent and independent SDF-1 induction. Blood 2010;116(18):3669–76. Epub 2010/07/
16. doi: 10.1182/blood-2009-03-213629. PubMed PMID: 20631377.
[25] Thanik VD, Chang CC, Lerman OZ, Greives MR, Le H, Warren SM, Schneider RJ,
Formenti SC, Saadeh PB, Levine JP. Cutaneous low-dose radiation increases
tissue vascularity through upregulation of angiogenic and vasculogenic
pathways. J Vascu Res 2010;47(6):472–80. Epub 2010/05/01. doi: 10.1159/
000313875. PubMed PMID: 20431296.
[26] Jolles B, Harrison RG. Enzymic processes and vascular changes in the skin
radiation reaction. Br J Radiol 1966;39(457):12–8. http://dx.doi.org/10.1259/
0007-1285-39-457-12. PubMed PMID: 4379175.
[27] Jolles B, Harrison RG. Enzymic processes in vascular permeability and fragility
changes in the skin radiation reaction. Bibliotheca Anatomica 1967;9:482–7.
PubMed PMID: 4382113.

23

[28] Waters CM, Taylor JM, Molteni A, Ward WF. Dose-response effects of radiation
on the permeability of endothelial cells in culture. Radiat Res 1996;146
(3):321–8. PubMed PMID: 8752311.
[29] Ullrich RL, Casarett GW. Interrelationship between the early inflammatory
response and subsequent fibrosis after radiation exposure. Radiat Res 1977;72
(1):107–21. PubMed PMID: 905507.
[30] Bese NS, Sut PA, Ober A. The effect of treatment interruptions in the
postoperative irradiation of breast cancer. Oncology 2005;69(3):214–23.
http://dx.doi.org/10.1159/000087909. PubMed PMID: 16127290.
[31] Bese NS, Sut PA, Sut N, Ober A. The impact of treatment interruptions on
locoregional control during postoperative breast irradiation. J Buon 2007;12
(3):353–9. PubMed PMID: 17918289.
[32] Ferreira BC, Sa-Couto P, Lopes MC, Khouri L. Compliance to radiation therapy of
head and neck cancer patients and impact on treatment outcome. Clin Transl
Oncol 2016;18(7):677–84. http://dx.doi.org/10.1007/s12094-015-1417-5.
PubMed PMID: 26459252.
[33] Back M, Guerrieri M, Wratten C, Steigler A. Impact of radiation therapy on
acute toxicity in breast conservation therapy for early breast cancer. Clin Oncol
2004;16(1):12–6. PubMed PMID: 14768750.
[34] Kraus-Tiefenbacher U, Sfintizky A, Welzel G, Simeonova A, Sperk E, Siebenlist
K, Mai S, Wenz F. Factors of influence on acute skin toxicity of breast cancer
patients treated with standard three-dimensional conformal radiotherapy
(3D-CRT) after breast conserving surgery (BCS). Radiat Oncol 2012;7:217.
http://dx.doi.org/10.1186/1748-717X-7-217. PubMed PMID: 23249653;
PubMed Central PMCID: PMCPMC3598440.
[35] Turesson I, Nyman J, Holmberg E, Oden A. Prognostic factors for acute and late
skin reactions in radiotherapy patients. Int J Radiat Oncol Biol Phys 1996;36
(5):1065–75. PubMed PMID: 8985028.
[36] Wengstrom Y, Forsberg C, Naslund I, Bergh J. Quantitative assessment of skin
erythema due to radiotherapy–evaluation of different measurements.
Radiother Oncol 2004;72(2):191–7. PubMed PMID: 15376368.

