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Treatment-induced apoptosis of cancer cells is one goal of cancer therapy. Interestingly, more 
heat is generated by mitochondria during apoptosis, especially the uncoupled apoptotic state,1,2 

compared to the resting state. In this case study, we explore these thermal e®ects by long-
itudinally measuring temperature variations in a breast lesion of a pathological complete 
responder during neoadjuvant chemotherapy (NAC). Di®use Optical Spectroscopic Imaging 
(DOSI) was employed to derive absolute deep tissue temperature using subtle spectral features of 
the water peak at 975 nm.3 A signi¯cant temperature increase was observed in time windows 
during the anthracycline and cyclophosphamide (AC) regimen but not in the paclitaxel and 
bevacizumab regimen. Hemoglobin concentration changes generally did not follow temperature, 
suggesting the measured temperature increases were likely due to mitochondrial uncoupling 
rather than a direct vascular e®ect. A simultaneous increase of tissue oxygen saturation with 
temperature was observed, suggesting that oxidative stress also contributes to apoptosis. 
Although preliminary, this study indicates longitudinal DOSI tissue temperature monitoring 
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provides information that can improve our understanding of the mechanisms of tissue response 
during NAC. 

Keywords: Deep tissue temperature; Di®use Optical Spectroscopic Imaging; apoptosis; neoad-
juvant chemotherapy; breast cancer; Bound Water Index; NIR water absorption spectrum. 

1. Introduction 

The metabolism of mitochondria can be monitored 
by measuring its thermogenic activity. Mitochon-
drial heating rate, for example, has been correlated 
with the rate of oxygen utilization during NADH 
oxidation.4 Moreover, in an experiment using iso-
lated rat liver mitochondria,1 heat generation has 
been observed to increase four-fold in the uncoupled 
apoptotic state compared to resting state of mito-
chondria, due to increased enthalpy during hy-
drolysis of ATP. In the uncoupled apoptotic state, 
the formation of mitochondrial permeability pores 
permits e®lux of cations and larger molecules and, 
in the highest conductance state, this phenomena 
can cause loss of mitochondrial membrane poten-
tial, swelling of membrane, and uncoupling of oxi-
dative phosphorylation. The swelling disrupts the 
membrane and causes the release of protons and 
soluble membrane protein.5 Additionally, during 
apoptosis, more numerous and smaller mitochon-
dria are produced,6 an e®ect which at least in part 
can explain the increased heat generation. A suc-
cessful anticancer drug based on these e®ects would 
cause uncoupling of mitochondria, which in turn 
could lead to apoptosis by opening ion channel 
pores or increasing mitochondrial membrane per-
meability.7 In this contribution, we explore these 
thermal e®ects by measuring temperature vari-
ations in a breast lesion of a pathological complete 
responder longitudinally during neoadjuvant che-
motherapy (NAC). 

We employ Di®use Optical Spectroscopic Ima-
ging (DOSI) to measure deep tissue temperature, 
using spectral features of the water absorption peak 
around 975 nm.3 Scattering-corrected absorption 
spectra exhibit subtle spectral shifts and broadening 
of the water peak due to both bound water and 
temperature variation. Recently, Chung et al. have 
demonstrated a method that employs bound water-
corrected absorption spectra to measure absolute 
tissue temperature.3 Using this method, DOSI has 
exhibited temperature sensitivity similar to that of 
a thermistor and has been validated for in vivo deep 
tissue measurement in humans.8 12 Here we employ 
DOSI to monitor absolute temperature of a breast 
with an in¯ltrating ductal carcinoma (IDC), and we 
concurrently measure oxy- and deoxy-hemoglobin 
concentrations in these same tissues. The exper-
iments suggest that the measured changes are 
caused by apoptosis during NAC. 

2. Subject and Methods 

2.1. Subject 

A 63-year-old subject with an IDC in both breasts 
was measured. The patient had a tumor of about 
40 mm in size (i.e., the longest axis as measured by 
ultrasound and mammography) at 7 o'clock, 9 cm 
from the nipple in her left breast; the left breast 
is measured in this study. The patient received 
NAC with two di®erent regimens: Adriamycin 

Fig. 1. NAC and DOSI monitoring schedule. Orange arrows: AC dosage; Green arrows: CAA dosage; Red arrows: DOSI 
measurements. 
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(anthracycline) + Cytoxan (cyclophosphamide) 
(AC, one-and-a-half months) and Carboplatin + 
Albumin-bound paclitaxel + Avastin (Bevacizumab) 
(CAA, three months). The patient was measured 19 
times during the course of therapy: at a pre-treat-
ment time (13 days before the ̄ rst chemotherapy), at 
8  points during  AC (day 1, 2, 5, 6, 7,  12,  15  and  29  
post the ¯rst chemotherapy), at 1 point in between 
AC and CAA (day 50) at 8 points during CAA (day 
65, 71, 72, 78, 92, 99, 146 and 153), and after com-
pletion of therapy (day 175) (Fig. 1). The patient was 
a pathological complete responder. 

2.2. Methods 

DOSI employs low power near-infrared light to 
quantify optical and physiological properties of tis-
sues. The di®usion model a®ords quantitative deter-
mination of tissue chromophore absorption spectra by 
separating scattering from absorption. A detailed 
description of the DOSI system employed in this 
study has been given in previous publications.3,8,11 13 

Brie°y, DOSI combines multimodulation frequency 
(50 600 MHz), frequency-domain photon migration 
(FDPM) with broadband steady-state (SS) spec-
troscopy. FDPM employs a model-based analysis 

(a) (b) 

(c) (d) 

Fig. 2. Tissue temperature estimation procedure. (a) Breast tissue absorption spectrum (from areola); (b) Spectrum after removal 
of the contributions of all chromophores except water (dashed blue) and after subsequent normalization (solid red); (c) Normalized 
tissue water spectrum before (solid red) and after (dashed blue) bound-water-correction by blue-shifting; (d) Fit of a pure water 
spectrum to the \bound-water-corrected tissue water spectrum". 
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(i.e., the di®usion approximation in the semi-in¯nite 
geometry with extrapolated zero boundary con-
ditions) to quantify tissue absorption ( Þ and scat-a 

tering ( 0 ) parameters at discrete wavelengths.14 17 
s 

The derived at each wavelength (658, 682, 785, s 

810, 830 and 850 nm) is ¯t to Mie theory to derive 
a continuous wavelength-dependent prediction 
of the tissue-scattering parameter.18 Using the 

0so-determined s, we readily extract a continuous 
tissue absorption spectrum from the broadband SS 
re°ectance data. The scattering-separated absorption 
spectrum from 650 to 1010 nm reveals features of the 
water absorption that are utilized for the temperature 
calculation.3 Major tissue chromophore concen-
trations such as oxy- and deoxy-hemoglobin (ctHbO2 

and ctHb, respectively), lipid (ctLipid), and tissue 
oxygen saturation (StO2 ¼ ctHbO2 =ðctHbO2 þ
ctHbÞ� 100) were also derived from these tissue 
absorption spectra. 

The instrument response functions were cali-
brated using tissue-simulating phantoms for FDPM 
and a spectra°ect-coated re°ectance phantom with 
known scattering and absorption values for broad-
band SS measurements as described in Cerussi et al.8 

The source-detector separation for all measurements 
was 29 mm. 

2.3. Deep tissue temperature 
measurement 

The water peak appears between 935 and 1010 nm, 
and it provides information about tissue water state, 
water concentration, and absolute temperature.3,11 

Fig. 3. Free water absorption spectra measured as a function 
of temperature (15 65 C). An isosbestic point at 996 nm is 
clearly observed. (Reprinted with permission from Phys. Biol. 
Med. doi: 10.1088/0031-9155/53/23/005). 

The e®ect of bound water on the peak was removed 
by spectral processing as explained in detail in 
Chung et al.3 Brie°y, starting with the \total" 
tissue absorption spectrum (Fig. 2(a)), the contri-
butions from other chromophores (oxy- and deoxy-
hemoglobin, lipid and baseline-o®set) were removed 
by subtracting their distinct spectra (i.e., chromo-
phore extinction coe±cient spectra times chromo-
phore concentration) (Fig. 2(b) dashed-blue). The 
remaining \tissue water spectrum" was then nor-
malized by a multiplicative constant so that the peak 
of the \tissue water spectrum" matched that of the 
pure water spectrum (Fig. 2(b) red). We then correct 
for bound water e®ects, which appear as broadening 

Fig. 4. Diagram showing scanning points on the lower inner quadrant of the left breast and the geometry of the hand-held probe. 
ð0; 0Þ indicates where the nipple is. The purple circle on the right diagram is a mark for the measurement point made with a surgical 
marker. 
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of the water peak; in particular the \normalized 
tissue water spectrum" between 935 and 1010 nm 
was linearly blue-shifted (Fig. 2(c)) until its 
absorption at 996 nm (i.e., at the isosbestic point) is 
the same as that of pure water at 996 nm (Fig. 3). 
Finally, the bound-water-corrected water spectrum 
was \de-normalized" by the reciprocal of the nor-
malizing multiplicative constant. The result is a 
\bound-water-corrected tissue water spectrum" 
(Fig. 2(d)). This resultant spectrum is ¯t to the 
water spectrum library at varying temperatures to 
determine a \best-¯t" tissue temperature. 

2.4. Spectroscopic images 

Figure 4 illustrates how the hand-held probe is used 
to measure multiple locations on the left breast. All 
points were used to form a spectroscopic image of the 
lower inner quadrant of the left breast (77 points, 
11 7), and to calculate averages of the underlying 
tissue temperature and tissue chromophore concen-
trations. In order to generate \smoothed" spectro-
scopic images, linear interpolation was used to 

assign values in between the discrete measurements 
(taken in 1-cm increments).19 Temperature vari-
ations for the subject were determined from the full 
spectroscopic images of the lesion breast at each time 
point during NAC (Fig. 1). The lesion size, measured 
by ultrasound, varied during therapy. Approxi-
mately two months before NAC began, the lesion was 
40 mm (longest axis, by ultrasound and mammo-
graphy), and a month before starting it was 34 mm 
by PET-CT. The breast had high density plus 
multiple, scattered punctate-calci¯cations. After all 
AC doses, the size of the lesion shrunk to 17 mm. Due 
to these dynamic size changes and the relative 
movement of the tumor in the ¯eld of view, an 
average value of all spatial points, including both 
lesion and normal tissues, was used to monitor and 
assign a value for tissue temperature variation during 
therapy. 

3. Results 

Figure 5 shows temperature changes of the subject's 
left breast during NAC. All images are derived from 

Fig. 5. DOSI images of temperature variation in a lesion breast during NAC. In clockwise order: (a) baseline, (b) after three doses 
of AC, (c) after three doses of CAA, (d) after completion of therapy. The color bar indicates temperature in degree Celsius. 
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the lower left inner quadrant of the left breast. The 
point ð0; 0Þ is at the nipple; from the nipple, 
the vertical scan extends from 0 to 60 mm and the 
horizontal scan extends from 0 to 100 mm. The 
image (a) is derived 13 days prior to the beginning 
of the therapy (baseline), (b) is post three doses of 
AC (¯rst regimen), (c) is after three doses of CAA 

(second regimen), and (d) is after completion of the 
entire therapy. The average tissue temperature 
standard deviation is derived using all the points on 
each image (i.e., N ¼ 77 for each image); these tem-
peratures are 36 0:6 C, 39:5 1:2 C, 38 0:8 C 
and 36:9 0:7 C, respectively. The patient had a 
core temperature measurement of 36.6 C. 

Fig. 6. TOI images at the same time points measured as the temperature images in Fig. 5. In clockwise order: (a) baseline, (b) after 
three doses of AC, (c) after three doses of CAA, (d) after completion of the therapy. The color bar is the contrast of 
TOI ¼ ðctHb ctH2O/ctLipid). 

Fig. 7. Temperature change during NAC. All the points on a spectroscopic image were averaged to get blue points. Error bars 
represent twice-the-standard-error for the points in the image, which gives a 95% con¯dence interval. 
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Figure 6 shows the spatio-temporal variation of a 
Tissue Optical Index (TOI), TOI ¼ ctHbO2 ctH2O/ 
ctLipid. The TOI is a combined parameter for cancer 
contrast,8,11 derived at the same time points as shown 
in Fig. 5. High contrast is seen in the lower left corner 

of the images. The area with modest increased con-
trast in upper right corner is where the areola/nipple 
is located. Size shrinkage of the tumor is observed 
throughout the therapy, which was also shown in 
ultrasound and mammogram images. 

Fig. 8. Tissue oxygen saturation, oxy- and deoxy-hemoglobin and temperature changes during NAC. The red windows highlight 
periods wherein an increase of both temperature and StO2 were observed, possibly due to apoptosis. The gray window highlights 
periods wherein a large decrease of temperature and StO2 were observed, potentially due to massive cell death. The temperature 
variation rate per day was evaluated for two-point time intervals denoted by a, b, c, d and e, wherein increase of temperature was 
observed. Error bars represent twice-the-standard-error for the points in the image, which gives a 95% con¯dence interval. 
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Longitudinal measurements of average tissue 
temperature are shown in Fig. 7. Each blue point is 
an average of all points in the image (total 77 
points) and the error bars indicate twice-the-
standard-error for the points in the image, which 
gives a 95% con¯dence interval.20 The average tis-
sue temperature increased with some °uctuations 
during AC therapy. The range of variation is from 
36.0 to 39.5 C, and the di®erence, 3.5 C, was 
selected as our de¯nition of \100% temperature 
variation" in following text. In the following we 
describe variations as a percent of this maximum 
temperature change. During CAA, tissue tempera-
ture generally decreased. After completion of 
therapy (i.e., the last DOSI measurement), the 
average tissue temperature was 36:9 0:7 C. 

Tissue oxygen saturation (StO2Þ and tissue oxy-
and deoxy-hemoglobin concentration (ctHbO2 and 
ctHb) are plotted along with tissue temperature in 
Fig. 8. A rapid increase of both temperature and 
StO2 was observed in the beginning of therapy 
(window 1). In window 1, overall consumption of 
oxygen decreased; this decrease might be due to cell 
death, as indicated by a decrease of ctHb and an 

accompanying increase in ctHbO2. Hypoxia with 
°uctuating temperature followed, and then another 
concurrent period of rapid increase of both tem-
perature and StO2 was observed (window 2), with a 
decrease of oxygen consumption similar to that 
observed in window 1. After a rather slow increase 
of temperature between windows 2 and 3, an overall 
gentle decrease of temperature was observed during 
the rest of therapy with exception during a few 
periods such as in window 4 (with an accompanying 
increase of StO2Þ. However in this case (window 4), 
both oxy- and deoxy-Hb increased. In window 3, a 
large decrease of StO2 was accompanied by a 
decrease in temperature. 

Building on ideas from previous observations 
about heat generation during apoptosis,1 we studied 
the rate of increase of temperature during selected 
time frames over the course of the therapy (Fig. 9). 
At the beginning of the therapy, for example, the 
temperature increased rapidly at about 5.1%-of-
maximum per day ((a) in Fig. 7). Then during the 
AC dose, a large increase of temperature was 
observed (3.4%-of-max in (b) and 6.1%-of-max 
in (c)). The temperature increase during the CAA 

Fig. 9. Temperature increase rate at a, b, c, d, and e in Fig. 8. 

Fig. 10. Bound water index and temperature of a lesion breast measured during NAC. 
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was smaller: 1.7% and 1.1%-of-max for (d) and 
(e), respectively. 

4. Discussion 

We have monitored tissue temperature and tissue 
oxygen saturation changes in a lesion-bearing breast 
during NAC using DOSI. The temperature patterns 
on the DOSI images are heterogeneous, and it is 
di±cult to follow cancer size variation during the 
NAC using temperature images. Although a higher 
temperature was measured in the lower left corner 
of the scanning region wherein TOI contrast was 
also higher (i.e., 36:5 0:6 C versus 36:0 0:6 C), 
the contrast was not large. The small contrast 
observed during the NAC might be a result of the 
fact that cells of normal tissues also experience 
apoptosis due to the systemic therapy. Addition-
ally, this observation of small contrast might be, in 
part, due to heat transfer into the surrounding tis-
sues and to the distribution of vascular structures in 
the breast.21 Especially in fast-growing cancers, the 
increase in temperature due to high metabolism and 
blood °ow might also be expected to extend sub-
stantially beyond the margins of the tumor.21,22 Our 
subject's tumor had a high grade (8 out of 9 Not-
tingham Bloom-Richardson score) and was large 
(initially about 4 cm in the longest dimension). 
Gautherie has pointed out that in tumors larger 
than 4 cm in diameter with rapid growth rates, 
thermal conductivity and blood °ow is very high at 
the periphery and in the vicinity of tumor, but 
decreases at the tumor center, especially when 
¯brotic or necrotic areas are found at histologic 
examination.21 In the future, it will be desirable to 
explore correlations between blood °ow and tem-
perature increases using Di®usion Correlation 
Spectroscopy17 and DOSI. 

Higher temperature in cancer has been measured 
using IR thermography, liquid crystal thermo-
graphy, and a ¯ne-needle thermistor.21,23 Tem-
perature changes as small as 0.3 C in cancer tissue 
relative to the mean thermal level of the breast 
provide high contrast in liquid crystal thermo-
graphic images. In IR images, a 1 2 C temperature 
increase in cancer tissues were measured on 
skin.23,24 Eventually, DOSI measurements of tem-
perature in cancer compared to normal tissues will 
be carried out in more patients with normal contra-
lateral breast. The present study takes a step in this 
direction (although the single subject of this case 

study had bi-lateral breast cancer). DOSI measured 
temperature variation was comparable to a previous 
breast cancer study using a ¯ne-needle thermistor 
that observed temperature range from 35 to 
37.5 C.21 Although the average baseline tempera-
ture of our subject (36:0 0:6 C) was slightly lower 
than expected, our patient had low core tempera-
ture (36.6 C), and, in general, breast temperature is 
less than core temperature due to location and the 
presence of fat. 

Previous work has found that once chemother-
apy begins, patients experience fever and/or chills 
during or shortly after the ¯rst infusion as a result of 
tissue temperature increase.25 In a study of 176 
subjects, 16% of patients had core temperature 
increases to higher than 38 C after infusion, and 
10% of 209 patients had temperature increases 
higher than 38 C after the loading dose only.25 

Thus, the initial temperature increase we have 
measured by DOSI appears consistent with other 
research. There is a possibility that the ¯rst tem-
perature increase rate is bigger than 5%/day, since 
the ¯rst temperature increase after chemotherapy 
could be from a mixed reaction to the ¯rst chemo-
drug infusion, e.g., such as cell death due to 
apoptosis or in°ammation. 

After the NAC was completed (post 23 days), the 
temperature did not recover to baseline. Equiva-
lently, 22 days after completion of the ¯rst regimen, 
i.e., AC (day 50 measurement), the temperature did 
not decrease to baseline. This temperature e®ect is 
possibly due to delayed clearance of the che-
motherapy agents, since several patients still ex-
perience side-e®ects from NAC for more than a 
month after completion of therapy. 

The rate of temperature increase observed in (a) 
and (c) of Fig. 8, during AC doses, was more than 
four times the variation observed after completion 
of the therapy (i.e., 5.1%-of-max per day in (a), 
6.1%-of-max per day in (b) compared to 1.2%-of-
max per day after completion of the therapy). Note, 
in (a) and (c), total hemoglobin concentration (i.e., 
the sum of deoxy- and oxy-hemoglobin concen-
tration) also increased but with a slow rate (i.e., 2 
and 2.6%, respectively). In total, the observations 
suggest that the di®erence between temperature 
and total hemoglobin concentration response is 
probably due to mitochondria uncoupling. Poe and 
Estabrook measured a four-fold increase in the rate 
of mitochondrial thermogenesis in the uncoupled 
apoptotic State 3u compared to the resting State 1 
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by measuring generated heat per minute in a Dewar 
containing rat liver mitochondria, using a di®eren-
tial calorimeter.1,2 They corroborated this result by 
adding the protonphore, dinitrophenol (DNP), to 
generate uncoupling of the mitochondria. This 
increase in heat generation was suggested to be due 
to the heat evolved during hydrolysis of the ATP 
present in the uncoupled apoptotic state, which 
generates twice as much heat as oxidative phos-
phorylation.1,26,27 Thus, the approximately four-
fold rate of temperature increase during AC therapy 
measured in our study may be closely related to 
thermogenesis during the uncoupled apoptotic 
state. 

Additionally, the concurrent increase of tissue 
oxygen saturation and decrease of Hb concentration 
during AC periods of rapid temperature increase 
indicate that oxygen uptake by tissue was diminished 
during these periods. This observation suggests 
greater uncoupling, rather than oxidative phos-
phorylation.1 An oxygen concentration increase 
during the uncoupling state promotes formation of 
products of reactive oxygen species (ROS), which 
eventually damage cellular components including 
DNA.28,29 Evidence30 37 that oxidative stress 
initiates uncoupling of mitochondria that leads to 
apoptosis is this: high levels of ROS open mitochon-
drial pores leading to maximal substrate consump-
tion, ATP hydrolysis, and release of mitochondrial 
apoptosis-inducing factor. Eliminating superoxide-
producing cells is a mechanism for arresting cell 
proliferation observed in cancer tissues.38 

Thus the observed increase of temperature and 
StO2 suggests that uncoupling of mitochondria is 
occurring during NAC. The behavior in window 3 
during AC (Fig. 8) might be due to massive cell 
death following the large amount of uncoupling in 
cancer tissues that occurred in windows 1 and 2. 
Another increase of temperature and StO2 was 
observed during CAA, but its small magnitude 
might not have caused signi¯cant cell death. Our 
results are thus consistent with the notion that the 
AC therapy is the major cause of cancer cell death, 
which can ultimately lead to complete therapeutic 
response. 

We also measured the Bound Water Index 
(BWI) in the lesion-bearing breast at a few time 
points during chemotherapy (Fig. 10). BWI gener-
ally increased with temperature as therapy pro-
gressed and the tissue returned to a more normal 
state.9 11 The correlation of BWI with temperature 

may be related to apoptosis-induced changes in the 
tissue distribution of water-associated macromol-
ecules and could be a consequence of uncoupling of 
mitochondria, membrane disruption and release of 
soluble membrane proteins (more than 1500 Dal) 
during AC dosage.5 The observed decrease of BWI 
after AC dosage (but with a value still higher than 
baseline) might be due to cleaning of excessive dead 
cells after apoptosis and remaining normal cells by 
phagocytes. 

It is possible that there is an e®ect from collagen 
changes in the stroma, although most chemother-
apy agents target cancer cells, and lipid composition 
increases as therapy progresses. The absorption of 
collagen in normal human breast tissues is very low 

1(approximately 0.0017 0.0028 mm for collagen 
density of 100mg/cm3Þ39 compared to water 
absorption in the wavelength regime wherein the 
large water peak is observed. Especially in the range 
where the water peak shape varies noticeably with 
temperature (950 996 nm), the e®ect of collagen 
concentration variation is small (less than 0.1 C) 
based on simple simulations that assumed 20% 
changes in collagen composition. Furthermore, the 
almost perfect ¯t of the \¯nal" tissue water spec-
trum to a pure water spectrum suggests that the 
collagen is not playing a signi¯cant role in our 
computed temperature. However, in the future it 
will be desirable to explore the use of the full col-
lagen spectral features in the spectral processing 
algorithm for temperature estimation. 

In summary, deep tissue temperature, tissue 
oxygen saturation, and Bound Water Index were 
measured non-invasively in a lesion breast of a 
pathological complete responder using DOSI over 
the course of NAC. Rapid increases of temperature 
and StO2 observed in selected time windows during 
early-stage AC therapy are suggestive of mito-
chondrial thermogenesis, oxidative stress, and 
apoptosis. Although preliminary, the results of this 
case study suggest that simultaneous measurements 
of deep tissue temperature and StO2 may help to 
reveal mechanisms of tissue response to che-
motherapy and provide feedback for optimizing 
treatment. 
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