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1. Introduction

The current state-of-the-art techniques for clinical
thermal therapy monitoring typically involve the use
of temperature as part of the treatment feedback loop.
Unfortunately, temperature measurements using
thermocouples only permit point sampling, while
emerging magnetic resonance thermometry techni-
ques [1, 2] and 15O-water PET imaging [3] offer low
spatiotemporal resolution and are expensive to use.

More recently, photoacoustic thermography of tissue
was also investigated for the assessment of myocardial
ablation lesions [4]. However, these temperature-
based monitoring techniques can only provide an in-
direct estimate of tissue injury and the spatial resolu-
tion remains low for epithelial applications.

Within the domain of optical coherence tomogra-
phy (OCT), several early studies explored the use of
polarization-sensitive OCT (PS-OCT) for the assess-
ment of thermal damage directly [5, 6]. In particular,
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Conventional thermal therapy monitoring techniques
based on temperature are often invasive, limited by point
sampling, and are indirect measures of tissue injury, while
techniques such as magnetic resonance and ultrasound
thermometry are limited by their spatial resolution. The
visualization of the thermal coagulation zone at high spa-
tial resolution is particularly critical to the precise delivery
of thermal energy to epithelial lesions. In this work, an in-
tegrated thulium laser thermal therapy monitoring system
was developed based on complex differential variance
(CDV), which enables the 2D visualization of the dy-
namics of the thermal coagulation process at high spatial
and temporal resolution with an optical frequency domain
imaging system. With proper calibration to correct for
noise, the CDV-based technique was shown to accurately
delineate the thermal coagulation zone, which is marked
by the transition from high CDV upon heating to a signifi-
cantly reduced CDV once the tissue is coagulated, in 3
different tissue types ex vivo: skin, retina, and esophagus.

The ability to delineate thermal lesions in multiple tissue
types at high resolution opens up the possibility of per-
forming microscopic image-guided procedures in a vast
array of epithelial applications ranging from dermatology,
ophthalmology, to gastroenterology and beyond.
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reduced tissue birefringence was observed with PS-
OCT in thermally damaged porcine skin or tendon
due to the denaturation of collagen, which is consis-
tent with earlier studies in thermally damaged myo-
cardium [7] and rat tail tendon [8] using polarizing
light microscopy. PS-OCT was also shown to be use-
ful for burn assessment in patients [9, 10] and for
studying the remodeling of hypertrophic scars long-
itudinally in vivo [11]. In addition, catheter-based
PS-OCT was demonstrated for radiofrequency abla-
tion monitoring in porcine myocardium ex vivo [12],
following earlier observation of changes in birefrin-
gence bands between untreated and ablated myocar-
dial tissue with intensity-based OCT [14–16]. Re-
cently, depolarization (in addition to linear retard-
ance) was investigated to visualize radiofrequency-
ablated myocardial tissue ex vivo using Mueller ma-
trix polarimetry in a backscattered geometry [16].
However, these techniques are typically limited to
tissue with high birefringence at baseline (e.g., mus-
cle, skin, or tendon) and their broad application to
real-time monitoring of thermal therapy in diverse
tissue types remains challenging. As an alternative
approach, we previously demonstrated the feasibility
of visualizing injury depth in laser thermal therapy
of porcine esophagus based on phase variations in
OCT; however, this requires careful phase calibra-
tion or a highly phase-stable OCT system and was
demonstrated in an M-mode imaging configuration,
enabling only 1-D, single-point monitoring without
structural information [17].

In the present work, we developed a 2-D thermal
therapy monitoring algorithm (with potential exten-
sion to 3-D) using complex differential variance [18],
which exploits the phase and intensity fluctuations
during thermal therapy but does not require a highly
phase-stable OCT system. The algorithm is applied

to the OCT data directly, so visualization of structur-
al information simultaneously during therapy moni-
toring is not inhibited. To assess the feasibility of
this approach for monitoring laser thermal therapy,
a wavelength tunable thulium fiber laser (1860–
1895 nm) was used, which takes advantage of a strong
water absorption peak for thermal coagulation in bio-
logical tissue. Using the integrated thulium laser and
OCT imaging setup, we demonstrate the ability of
the CDV-based technique to accurately delineate the
thermal coagulation boundary in 3 different tissue
types: retina, skin, and esophagus, which opens up
the possibility of performing microscopic image-
guided interventions at high spatiotemporal resolu-
tion in numerous clinical applications.

2. Materials and methods

2.1 Laser thermal therapy experimental setup

Figure 1 shows the experimental setup used for the
laser thermal therapy study. A detailed description of
the optical frequency domain imaging system was re-
ported previously [19]. Briefly, the system features a
fiber ring wavelength-swept laser operating at
240 kHz with 4-fold interleaving, a center wavelength
of 1310 nm and a 125 nm sweep range. An acousto-
optic modulator was used in the reference arm to re-
move depth-degeneracy [20]. An imaging window of
10 mm, consisting of 1024 A-lines/B-scan, was
scanned with a focused beam resulting in a 1/e2 radius
of 32 μm of the lateral point spread function in the
squared norm of the complex-valued tomogram.

A wavelength tunable thulium fiber laser (IPG
Photonics, Oxford, MA), which provides single-

Figure 1 Schematics of the laser thermal therapy monitoring setup integrating an optical frequency domain imaging system
with a wavelength tunable thulium fiber laser. Simultaneous OCT imaging and laser therapy with a thulium fiber laser is
achieved using a dichroic mirror and programmable shutter to synchronize the timing of therapy. AOM, acousto-optic mod-
ulator; PC, polarization controller; PD, photodiode; FBG, fiber Bragg grating.
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mode output from 1860 nm to 1895 nm, was used for
laser thermal therapy. The benchtop setup inte-
grated the thulium laser into the OCT optical path
using a dichroic mirror. The collimated beam with a
1/e2 diameter of ~800 μm, measured with the Win-
CamD UCD12 beam profiler (DataRay, Redding,
CA), was aligned to the center of the imaging plane
on the tissue surface and the wavelength was set to
1890 nm to match the water absorption peak. Output
power was varied from 300 mW to 500 mW (60 W/
cm2 to 100 W/cm2) to investigate the technique at
various fluence rates, including those reaching tissue
vaporization threshold [21].

2.2 Processing algorithm

Figure 2 provides an overview of the processing al-
gorithm developed for laser thermal therapy moni-
toring and coagulation zone visualization in this
study. We employed complex differential variance
(CDV) [18], which exploits both intensity and phase
variations, to map the dynamic fluctuations in the
complex OCT signal during the thermal coagulation
process and extended this implementation to cali-
brate for noise and to enable the intuitive visualiza-
tion of the coagulation zone. For a pair of A-lines
acquired at times t and t + 1 (in M consecutive B-
scans), CDV is computed as follows:

Figure 2 Overview of processing al-
gorithm for laser thermal therapy
monitoring and coagulation zone vi-
sualization. Complex B-scans are
processed in batches ofM B-scans to
produce raw CDV (CDVraw) frames.
Using a calibration window in a static
region within the tissue, a calibration
curve for the SNR dependence is es-
timated and applied to produce the
calibrated CDV frames (CDVcal).
The final image is produced by over-
laying the intensity image on top (I-
CDVraw vs. I-CDVcal), showing sig-
nificant improvements with calibra-
tion. The coagulation zone is visua-
lized by detecting regions that have
reached the cumulative CDV thresh-
old (ξ) and returned to a low instan-
taneous CDVupon coagulation (ε).
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where R(z, t) is the complex OCT signal, R*(z, t)
its complex conjugate, w(k) is a depth window func-
tion with length 2L + 1, and M indicates the num-
ber of consecutive B-scans used for averaging.
Here, a Hanning window with a length of 11 (L= 5)
depth pixels was used and M was set to 10 B-scans
(which results in an effective frame rate of 23 fps
with 1024 A-lines/B-scan at a 240 kHz A-line rate).
While this algorithm intrinsically rejects phase noise
induced by small axial bulk tissue motion and syn-
chronization errors, we observed an SNR-depend-
ent increase in CDV in static regions resulting in a
non-zero baseline CDV in deeper regions due to
decreased SNR. Hence, we performed an SNR-de-
pendent calibration of the CDV using a static re-
gion within the tissue next to the therapy zone (ca-
libration window size: 20 × 10 pixels after down-
sampling by 10× in both the intensity image and
raw CDV image, each with an original size of 1024
× 1024 pixels). The SNR-dependent CDV was fitted
to an exponential decay and subtracted from the
raw CDV to derive the calibrated CDV values
(CDVcal). The calibrated CDV was mapped onto
the intensity OCT images for simultaneous visuali-
zation of underlying structures. Finally, the coagula-
tion zone was visualized by highlighting regions that
have reached a cumulative CDV threshold ξ and re-
turned to a low CDV below ε upon coagulation,
where the cumulative CDV as a function of time t
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is defined as

cCDVcal tð Þ ¼
Xt

τ¼0

CDVcal τð Þ ð2Þ

and the coagulation zone c(t), which is a binary
mask that evolves as a function of time t, is deter-
mined as follows:

c tð Þ ¼ cCDVcal tð Þ > ξf g \ CDVcal tð Þ < εf g ð3Þ

2.3 Histological analysis

Tissue samples (bovine eye, porcine skin, and por-
cine esophagus) were harvested immediately after
sacrifice and laser thermal therapy was performed ex
vivo at room temperature. Tissue marking dyes were
placed on each side of the laser therapy spot for co-
registration of OCT images with histology. Tissue
samples were trimmed and sectioned for either rou-
tine H&E histology or nitroblue tetrazolium chloride
(NBTC) histology (with eosin counterstain) after
embedding in optimum cutting temperature com-
pound for frozen sections at 10 μm. NBTC stains for
the activity of NADH-diaphorase, which subsides
upon thermal coagulation and cell death [22].

3. Results

Figure 3 shows an example of monitoring laser ther-
apy in bovine retina ex vivo using the CDV-based
approach, demonstrating the ability to clearly visua-
lize the dynamics of the laser-induced heating and
coagulation process. The center therapy zone exhi-
bits a rapid rise in CDV (purple) extending from the
retina into the sclera upon the initiation of laser
therapy at 300 mW (60 W/cm2). A growing zone
with reduced CDV (yellow), surrounded by a rim of
high CDV (purple/red), was observed as the process
continued. This growing zone (marked by the blue
dotted lines on each image) corresponds well histo-
logically to the thermal coagulation zone marked by
the denaturation of the collagen in the fibrous sclera
layer in H&E.

Figure 4 shows a similar thermal coagulation sig-
nature in the rapidly expanding zone with reduced
CDV surrounded by high CDV for the case of por-
cine skin ex vivo at the same power setting of
300 mW (60 W/cm2). The panel clearly reveals the
early dynamics of the coagulation process for the
first 1.5 s. Lesion formation appeared slightly faster
in this case compared to the retina, most likely due
to differences in tissue properties and the presence

Figure 3 Laser thermal therapy monitoring in bovine retina
ex vivo using calibrated complex differential variance
(CDVcal). Images represent cross-sectional slices at the cen-
ter of the thulium laser therapy beam (300 mW or 60 W/
cm2) every 2 s for 10 s, where CDVcal was overlaid on inten-
sity images. H&E histology (inset) reveals a coagulation
zone extending into the sclera that corresponds with the re-
gion with reduced CDV (yellow) at the center delineated
by an expanding boundary with high CDV (purple). Color-
bar (CDVcal) ranges from 0 to 0.5. Blue dotted lines, coagu-
lation zone. r, retina; c, choroid; s, sclera. Scale bars
= 500 μm.

Figure 4 Laser therapy monitoring in porcine skin ex vivo
at 300 mW (60 W/cm2) for 1.5 s. NBTC histology with eosin
counterstaining (inset) at treatment endpoint confirms that
the extent and shape of thermal damage in the dermis
(NBTC-negative region in pink) corresponds well with the
expanding zone with reduced CDV (yellow) delineated by
a boundary with high CDV (purple). Colorbar (CDVcal)
ranges from 0 to 0.5. Blue dotted lines, coagulation zone. e,
epidermis; d, dermis. Asterisks (*), air bubbles. Scale bars
= 500 μm.
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of a small layer of vitreous humor on top of the reti-
na which absorbed part of the thermal energy deliv-
ered. NBTC histology was performed to confirm the
boundary of thermal coagulation, and the NBTC-ne-
gative region, indicative of thermal damage, corre-
sponds well with the coagulation zone indicated by
the CDV-based technique.

To further investigate this approach for delineat-
ing lesion boundaries in different tissue types and at
different laser power settings, we performed another
experiment in porcine esophagus ex vivo using laser
power from 300 mW to 500 mW, corresponding to
fluence rates of 60 W/cm2 to 100 W/cm2 (Figure 5).
The lesion boundary was particularly well defined at
the early phase (t = 1–3 s), but became less clear as
the thermal coagulation zone expanded, especially at
the lowest fluence rate (60 W/cm2). Interestingly, at
the highest fluence rate tested (100 W/cm2), a super-
ficial layer with increased CDV was observed inside
the therapy zone due to the formation of expanding
air bubbles that eventually burst with tissue vaporiza-
tion (at t = 4 s when the instantaneous CDV reached
the maximum value) as confirmed by histology.

To better visualize the evolution of the coagulation
zone over time, the history of CDV values was used to
detect regions that have reached the coagulation
threshold as defined in Eq. (3), highlighted in purple
and overlaid onto the intensity images (Figure 6). This
visualization technique overcomes the limitation of
displaying the instantaneous CDV, when the bound-
ary becomes less visible with the expansion of the coa-
gulation zone, especially at the lower power settings.
Even at the highest power setting tested (when the tis-
sue vaporization threshold was reached), this ap-
proach still provided a good estimate of the coagula-
tion zone, as confirmed by NBTC histology.

Finally, histological validation with NBTC stain-
ing was performed at representative time points dur-
ing laser therapy from 1 s to 5 s at 400 mW (80 W/
cm2), showing that the coagulation zone delineated
by the CDV approach corresponds well histologi-
cally to the NBTC-negative region and thermal da-
mage (Figure 7). In particular, at the early phase of
therapy (t = 1 s), the CDV-based technique indicates
an injury depth limited to the epithelium (reaching
the lamina propria at t = 3 s) while at the treatment

Figure 5 Effect of increasing the output power of the thulium fiber laser during laser therapy in porcine esophagus ex vivo:
(a) 300 mW [60 W/cm2], (b) 400 mW [80 W/cm2] (Supplementary Video 1), and (c) 500 mW [100 W/cm2]. NBTC histology
with counterstaining was performed at the treatment endpoint (t = 5 s), showing close correspondence between the NBTC-
negative region (pink) and the zone with reduced CDV (yellow) delineated by a boundary with high CDV (purple). Color-
bar (CDVcal) ranges from 0 to 0.5. Asterisks (*), air bubbles. Scale bars = 500 μm.

Figure 6 Visualization of the coagulation zone in porcine esophagus using the history of CDV values at different power
settings: (a) 300 mW [60 W/cm2], (b) 400 mW [80 W/cm2] (Supplementary Video 1), and (c) 500 mW [100 W/cm2]. Purple
color indicates regions that have reached the coagulation threshold defined by the cumulative CDV parameter and low
instantaneous CDV (ξ = 2 and ε = 0.1), which provides an alternative way to more clearly delineate the thermal coagulation
zone as confirmed by NBTC histology. Scale bars = 500 μm.
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endpoint (t = 5 s), the injury depth has reached the
muscularis mucosa, as confirmed histologically by
NBTC staining. By contrast, the lesion boundary is
difficult to delineate with the intensity OCT images
alone despite the increased backscattering observed
in the coagulated tissue, especially as the shadow be-
low the coagulated zone expanded at later time
points (Figure 7c).

To further validate the findings systematically
and quantitatively, three lesions were created for
each therapy duration, and the depth of the coagula-
tion zone (injury depth) was measured on corre-
sponding CDV images and NBTC histology inde-
pendently by three experts, showing good agreement
between the CDV-based and NBTC-based measure-
ments overall (r2 = 0.95) (Figure 8). In cases where
discrepancies were observed, the depth measured on
NBTC histology was typically smaller than that
measured using the CDV image (~50–100 μm), most
likely due to variability in tissue shrinkage during
frozen section processing as well as instantaneous
thermal expansion and bubble formation in the
superficial layer during therapy.

4. Discussion

In this study, we demonstrated the use of dynamic
OCT measurements based on complex differential
variance to accurately delineate the coagulation zone
in laser thermal therapy and validated this approach
histologically in 3 different tissue types: skin, retina,
and esophagus. By overlaying this information di-
rectly on intensity OCT images, the active treatment
zone was visualized simultaneously with the underly-
ing tissue architecture, which enables lesions to be
targeted more precisely. Compared to previous work
based on PS-OCT or polarimetry-based techniques
[5, 6, 12, 13], the current method is not limited to
biological tissues with high birefringence at baseline
(e.g, skin, muscle, and tendon) and has broader im-
plications in a number of clinical applications.

However, there are several limitations to the cur-
rent CDV-based approach. First, unlike PS-OCT
where the thermal lesion can be readily imaged and
visualized post treatment due to the loss of tissue bi-
refringence, the CDV-based approach derives con-
trast from the real-time variations in phase and in-
tensity signals that subside once the therapy beam is
turned off. The need for real-time tracking also
means that motion can lead to an artificial increase
in CDV, which can be mitigated with increased imag-
ing speed or similarly by decreasing the number of
B-scans (M) used to compute CDV in Eq. (1), as
well as various motion correction techniques [23–
25]. Similarly, perfusion in living tissue can contri-
bute to the CDV signal, but considering the time
scale, the relative contribution will likely be smaller
than the therapy-induced CDV signal. In addition,
the active treatment zone boundary can become
more difficult to delineate as the coagulation zone
grows bigger and the CDV signal degrades as a
function of depth. When the uncalibrated CDV val-
ues begin to saturate at depths approaching the
noise floor (typically at a depth >1–1.5 mm), the dy-

Figure 7 Histological validation of CDV-based coagulation
zone monitoring in porcine esophagus ex vivo at 400 mW
(80 W/cm2) for 5 s. NBTC histology with counterstaining
was obtained at each representative time point (1 s, 3 s, and
5 s), showing close correspondence between the NBTC-ne-
gative coagulation zone (pink) (a) and the region showing
the transition from high to low CDV (purple to yellow) (b),
which is difficult to delineate clearly using intensity images
alone (c). e, epithelium; lp, lamina propria; mm, muscularis
mucosa; sm, submucosa. Scale bars = 500 μm.
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Figure 8 Quantitative validation of coagulation zone depth
(injury depth) in porcine esophagus after laser therapy at
400 mW (80 W/cm2) for 1 s, 3 s, and 5 s. Each data point
represents the mean ± SD of the injury depths on the OCT
(CDV) image and corresponding NBTC histology mea-
sured independently by three experts. The solid line repre-
sents perfect correlation of OCT and histology measure-
ments for comparison. Blue circles, 400 mW (80 W/cm2) at
1 s. Red triangles, 400 mW (80 W/cm2) at 3 s. Yellow dia-
monds, 400 mW (80 W/cm2) at 5 s.
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namics of the heating process becomes increasingly
difficult to observe, especially at lower fluence rates.
Therefore, we have performed an SNR-dependent
calibration to enable more robust visualization at
greater depths, which provides an accurate estimate
of the lesion boundary at the different depths tested.
However, the depth limitation is also a fundamental
limitation of OCT imaging, which is difficult to over-
come even with calibration for noise, due to inherent
limits on system sensitivity and penetration depth of
light. To further improve the visualization of the
coagulation zone, we developed an alternative visua-
lization method in which the history of CDV values
is tracked and regions that have reached a cumula-
tive CDV threshold ξ and returned to an instanta-
neous CDV below ε as defined in Eq. (3) are high-
lighted. While the coagulation threshold is likely dif-
ferent between tissue types, this visualization strat-
egy provides a good estimate of the growing
coagulation zone that would be more difficult to ap-
preciate with the instantaneous CDV alone.

Compared to our earlier work on monitoring la-
ser therapy with phase variations in M-mode ima-
ging [17], the current CDV-based approach was de-
veloped to overcome small axial bulk motion and
phase jitter from data acquisition synchronization
through the use of a depth window as defined in Eq.
(1), which eliminates the need for a highly phase-
stable OCT system or precise phase calibration [21].
We further demonstrated 2-D, cross-sectional ther-
apy monitoring in different tissue types (with poten-
tial extension to 3-D) to enable simultaneous visuali-
zation of underlying tissue structures. It is interesting
to observe in both our earlier study and the current
study that the active treatment zone is marked by in-
creased phase variation or CDV and the growing
coagulation zone corresponds very well to the region
where the phase variation or CDV has subsided.

By providing real-time therapy monitoring using
the CDV-based technique, more targeted and perso-
nalized thermal therapy delivery can be achieved in
dermatology, ophthalmology, gastroenterology, and
beyond. An interesting opportunity provided by this
promising therapy monitoring approach is the ability
to precisely control various laser parameters, such as
power, wavelength, and duration of therapy, to bet-
ter tailor the therapy to the target lesion with im-
mediate feedback [20]. For example, the current
technology can be applied to tailor the laser treat-
ment of hypertrophic scars [26], laser photocoagula-
tion in diabetic retinopathy especially in the sub-
threshold regime [27], and more targeted thermal
therapy of epithelial lesions such as Barrett’s eso-
phagus with high-grade dysplasia [17, 20, 25]. Using
the current approach, more precise thermal therapy
in epithelial lesions may be achieved by tailoring the
thermal injury to the desired depth; for example, in
the treatment of Barrett’s esophagus, it is important

to avoid excessive damage beyond the submucosa to
reduce the risk of stricture formation [29]. The abil-
ity to delineate thermal lesions in different tissue
types, at high spatiotemporal resolution, opens up
the possibility of performing microscopic image-
guided procedures in a vast array of epithelial appli-
cations in the future.

Supporting Information

Additional supporting information may be found in
the online version of this article at the publisher’s
website.

Supplementary Video 1: Laser thermal therapy
monitoring in porcine esophagus ex vivo using com-
plex differential variance (400 mW or 80 W/cm2 for
5 s).
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