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ABSTRACT. Significance: Indocyanine green-based dynamic contrast-enhanced fluorescence
imaging (DCE-FI) can objectively assess bone perfusion intraoperatively. However,
it is susceptible to motion artifact due to patients’ involuntary respiration and
mechanical disturbance. Reducing motion artifacts would significantly improve
DCE-FI for orthopedic surgical guidance.

Aim: Our primary objective is to develop an automated correction method to reduce
motion artifacts in DCE-FI and improve the accuracy of bone perfusion assessment.

Approach: We developed an automated motion correction approach based on
frame-by-frame mutual information (MI) and validated the effectiveness of this
approach in various phantom studies and patient images from 45 imaging sessions
of fifteen amputees.

Results: The Ml-based correction reduced motion artifacts by 93% for mechanical
disturbances and 76% for simulated respiration in phantom studies. Patient images
show improved alignment, improved kinetic curves, and restored bone perfusion-
related parameters with an average correction of 4.3 and 9.6 mm in x- and y-axes
per session.

Conclusions: The automated MI-based motion correction was able to eliminate
motion artifacts effectively and significantly improved the quantitative assessment
of bone perfusion by DCE-FI.
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1 Introduction

Infection following trauma is one of the most prevalent and challenging complications faced by
orthopedic surgeons. Inadequate tissue perfusion plays a critical role in this complication since
poorly perfused bone can be a nidus for bacterial biofilm formation creating resistance to
antibiotics.'” These biofilms make treatment of infections difficult as they increase the bacteria’s
ability to evade the immune system, share antibiotic resistant genes, and proliferate additional
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planktonic bacteria.® Because of this, management of open fractures and fracture-related infec-
tion relies on aggressive and thorough debridement in an effort to remove all poorly perfused
bone.** However, there is a limited number of imaging tools to objectively inform bone perfusion
and guide debridement.

In contrast to other clinical imaging modalities, such as dynamic contrast-enhanced
magnetic resonance imaging (DCE-MRI)®’ and combined positron emission tomography/
computed tomography (PET/CT),® indocyanine green (ICG)-based dynamic contrast-enhanced
fluorescence imaging (DCE-FI) presents an intraoperative solution. Unlike these other methods,
which cannot be commonly utilized in the operating room, DCE-FI has demonstrated an ability
to objectively assess bone perfusion during the surgery and provide surgical guidance for the
debridement of poorly perfused tissues.” ™!

Although DCE-FI shows both feasibility and ease of utilization in the surgical setting,
motion artifacts resulting from patient’s involuntary respiration and other mechanical disturb-
ances during imaging data acquisition can potentially lead to errors in quantitative bone perfusion
assessment. Previous studies have utilized marker tracking and edge detection for automated
motion compensation in fluorescence imaging.'>!* Nevertheless, these methods may not be
suitable for DCE-FI during orthopedic surgery as marker tracking relies on additional hardware
support, and edge detection can be highly sensitive to complex noises introduced by intraoper-
ative interference.'*'® In contrast, mutual information (MI)'” can be implemented for retrospec-
tive correction and has shown favorable robustness to intraoperative interference as it evaluates
image similarity based on whole image intensities instead of specific landmarks. '3~

While MI offers a better solution for reducing the motion artifact in intraoperative fluores-
cence imaging, the conventional MI calculation that using a fixed reference may fall short for
DCE-FI in intraoperative orthopedic imaging. This is due to the extensive heterogeneity of
fluorescence intensities arising from bone’s deep three-dimensional structure and coupled with
the dynamic changes in perfusion levels that occur across the imaging field over time. To over-
come this limitation, a frame-by-frame MI-based motion correction approach for DCE-FI has
been developed and validated using tissue phantoms and 45 intraoperative imaging sessions on
15 amputation cases. The results of the motion correction demonstrated a significant reduction in
motion artifacts. The alignment of image frames at different time points within each imaging
session resulted in improved kinetic curves and enhanced perfusion-related parameters for
identifying bone perfusion levels.

2 Materials and Methods

2.1 Imaging Acquisition

Figure 1 presents the fluorescence imaging system and the imaging setup for our fluorescence
imaging guide during open orthopedic surgery. Near-infrared (NIR) lights were used to excite
ICG injected intravenously, thereby enabling intraoperative assessment of bone perfusion. The
image data were acquired using a SPY Elite Fluorescence Imaging System [Fig. 1(a)] (Stryker,
Kalamazoo, MI). The system was positioned at a 30-cm working distance from the surgical field
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Fig. 1 (a) Fluorescence imaging system and (b) imaging setup for open orthopedic surgery.
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and utilized 805 nm NIR light for ICG excitation. A charge-coupled device camera with an 820 to
900 nm bandpass filter was employed for fluorescence light imaging. Additionally, to capture
white-light images, an RGB camera was connected to the system via a beam splitter [Fig. 1(b)].
This setup allowed simultaneous capture of both fluorescence and white-light images.
During each imaging session, a white-light image was captured first, followed by a fluo-
rescence video recorded at a rate of 3.75 frames per second for 1024 frames (maximum frame
number). Each video frame has an 18 X 13.5 cm field of view (FOV) with 1024 x 768 pixels and
a bit depth of 8. Further system specifications were described in previous publications.'®!!?!:22

2.2 MI-Based Motion Correction

The motion correction is based on maximizing MI, calculated frame by frame. MI is a
well-established metric in the field of medical image processing used to assess the similarity
of two images.'” It is defined as follows:

MI = —H(A, B) + H(A) + H(B), (1)

where H(A, B) is the joint entropy of reference image A and target image B, calculated as

H(A,B) ZPAB a,b)log; pap(a.b), 2

with p,p(a,b) as the joint probability density function. Similarly, H(A) and H(B) are the
individual entropy of images A and B, respectively, given as

pr x)log, px(x), X = A, B, 3)

where py(x) is the marginal probability density function. In this study, given that the acquired
fluorescence images have discrete intensities, p5(a, b) is computed using the joint histogram of
grayscale intensities from two unsigned eight-bit images, whereas py(x) is derived from the sum
of the normalized joint histogram on each row or column.

In theory, the maximal MI corresponds to the most geometrically aligned images.'® The
maximization of MI between the reference and adjusted target frame is the process of locating
their most complex overlapping areas [by maximizing individual entropies pyx(x)] that has a
strong statistical relationship [by minimizing the joint entropy p,z(a,b)].* Since the entire
image pixels and frames are involved into the MI calculation, manual selection of landmarks
or references for image co-registration can be completely eliminated.

The reference frame was constantly updated in our frame-by-frame correction approach.
Two adjacent frames were set as the reference (diagonal-line-filled) and the target (dashed line),
respectively. The target frame was shifted along the x- and y-axes, and MI was calculated for
each pair of the reference and translated target frames. The maximal MI value among all
possible translation combinations determined the optimal translation, which was applied to the
target frame. The corrected target frame was then set as the new reference, and its adjacent
frame as the new target in the next run. The process was then repeated until the last frame was
reached.

2.3 Phantom Validation

To verify the efficacy of our MI-based motion correction in mitigating the mechanical disturb-
ances from the imaging device, we conducted validation experiments using an ICG-equivalent
phantom (QUEL Imaging, White River Junction, VT).2* As shown in Fig. 2(a), this phantom
containing nine 8-mm wells filled with varying ICG equivalent concentrations, ranging from
1 uM (top left) to O (bottom right). To simulate typical mechanical disturbances, we induced
random vibrations in the imaging head of the SPY Elite Fluorescence Imaging System by
manually tapping the articulating arm [Fig. 1(a)]. The imaging FOV underwent oscillations for
several cycles before returning to a stationary status. Fluorescence imaging of the phantom was
conducted over a 90-s duration, with manual tapping at 0, 30, and 60 s, ensuring sufficient time
for a vibration to complete. The tapping intensity was varied to assess the power of the correction
against different levels of mechanical vibrations.
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Fig. 2 Photos, images, and a schematic diagram of the image analysis and display using a phan-
tom as an example. (a) Photo and (b) fluorescence image of the phantom. Nine 8-mm wells are
filled with silicon material with various ICG-equivalent concentrations ranging from 1 M (top left) to
0 (bottom right). (c) Overlaid image of two fluorescence frames with a 1 mm horizontal displace-
ment for 300 nM (top) and 100 nM wells (bottom), with intensity differences highlighted by green
and magenta. (d) Schematic diagram of the kinetic parameters for assessing bone perfusion.

To further examine the correction’s capability in addressing the motions due to the patient’s
involuntary respiration, we conducted another validation study using the ICG-equivalent phan-
tom placed on the lower leg of a normal subject in a supine position on a table. The subject was
instructed to contract and relax leg muscles to mimic breathing motions observed in intraoper-
ative images obtained from patient cases.

The intensity variations due to the motion artifacts in the images were assessed. The areas
inside the 100 and 300 nM wells were designated as the regions of interest (ROIs), from which
the average ICG intensity of the circular ROI was extracted before and after the correction.

2.4 Patient Imaging

This study was conducted in compliance with the Health Insurance Portability and
Accountability Act and approved by the institutional review board at Dartmouth Health,
Lebanon, NH. We obtained written informed consent from 15 patients who underwent lower
extremity amputation. During each imaging session for each patient, we employed ICG-based
DCE-FI using a fluorescence imaging system, acquiring images every 0.267 s over a 4.5-min
duration. Following 20 s of pre-injection imaging, we intravenously administered 0.1 mg/kg of
ICG to the patient. Throughout the surgery, we recorded three individual imaging sessions before
and after two surgical procedures, namely osteotomy and soft tissue-stripping, resulting in
45 evaluable datasets.

2.5 Imaging Analysis and Display

Figure 2 presents photos, images, and a schematic diagram that detail the image analysis and
display process of a phantom containing nine 8§-mm wells filled with varying ICG equivalent
concentrations, ranging from 1 M (top left) to 0 (bottom right), as indicated in Fig. 2(a). As
depicted in Fig. 2(b), the fluorescence emitted from the top three and middle two wells
with equivalent ICG concentrations of 1 yM, 300 nM, 100 nM, 30 nM, and 10 nM has been
successfully detected. In this case, the fluorescence intensity is measured in relative fluores-
cence units (RFUs). After the MI-based motion correction, we compared images of these two
wells captured at various time points to assess frame alignment. Specifically, as shown in
Fig. 2(c), green and magenta highlight intensity discrepancies between two overlaid fluores-
cence images of 300 and 100 nM wells with a 1 mm horizontal displacement, and the gray
area indicates a region with a close agreement between two overlaid frames. In Fig. 2(d),
we present the dynamic bone blood perfusion-related parameters,'! including maximum
fluorescence intensity (/,.,), time-to-peak (TTP), and ingress slope (IS). These parameters
were calculated from the average fluorescence intensity curve within each ROI to validate the
effectiveness of MI-based approach.

3 Results

Figure 3 demonstrates the efficacy of motion correction based on MI for mitigating motion arti-
facts caused by mechanical disturbances and patient respiration. Given the partial fluorescence
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Fig. 3 Phantom study results demonstrating motion artifact reduction from mechanical disturb-
ances and simulated respiration. (a) and (b) The average intensity fluctuations within the ROI for
the 300 and 100 nM wells, respectively, before (blue) and after (red) applying the motion correc-
tion. (c) and (d) The changes in average intensity due to simulated respiratory artifacts within the
ROI for the 300 and 100 nM wells, respectively, also before (blue) and after (red) correction.

saturation in the 1 M phantom well, our analysis concentrates on the 300 and 100 nM wells,
where the fluorescence intensities align with the ranges observed in bone during our clinical
studies. Panels (a) and (b), as well as (c) and (d), display the mean intensity fluctuations due
to mechanical disturbances [Figs. 3(a) and 3(b)] and simulated respiration [Figs. 3(c) and 3(d)],
respectively, within the ROIs of the 300 and 100 nM wells. The blue and red curves represent the
intensity fluctuations pre- and postcorrection, respectively. As shown in Figs. 3(a) and 3(b), the
high-frequency intensity fluctuations in 300 nM well caused by mechanical disturbances were
reduced by 93%, from 31 RFUs down to below 2 RFUs [Fig. 3(a)], and the fluctuations in the
100 nM well were reduced by 91%, from 11 RFUs to under 1 RFU [Fig. 3(b)]. The motion
correction also significantly lowered the intensity fluctuations due to respiration—from a peak
of 45 RFUs to 11 RFUs (a 76% reduction) for the 300 nM well [Fig. 3(c)], and from 16 RFUs to
4 RFUs (a 75% reduction) for the 100 nM well [Fig. 3(d)].

Figure 4 displays the overlay of two tibial fluorescence images captured at 150 and 250 s,
respectively. The patient, a 53-year-old male, underwent amputation and an osteotomy at the
tibial diaphysis. The fluorescence intensity of the two images is color-coded in green (150 s)
and purple (250 s) for comparison before [Fig. 4(a)] and after correction with fixed-reference
[Fig. 4(b)] or frame-by-frame reference [Fig. 4(c)]. As indicated in the corresponding zoom-in
images of the yellow-box areas in Figs. 4(a)—4(c), the initial mismatch of ~2.5 mm in the boun-
daries of the bone and soft tissue is observed before the correction [Fig. 4(d)]. After the fixed-
reference correction, the images were overcorrected with a 2 mm mismatch [Fig. 4(e)]. However,
the frame-by-frame correction significantly improved the alignment of the two images [Fig. 4(f)].

Figure 5 demonstrates the joint histograms of the two frames in Fig. 4 before and after
MlI-based corrections with fixed-reference and frame-by-frame methods. Following the

Fig. 4 An example of applying Ml-based motion correction to a patient’'s DCE-FI. (a)-(c) The over-
lay of two frames captured at 150 and 250 s after the start of imaging. The green and purple colors
represent the images captured at 150 and 250 s, respectively. (a) Before correction, (b) after fixed-
reference correction, and (c) after frame-by-frame correction. (d)—(e) Zoom-in images of the yellow
dashed-line areas indicated in panels (a)-(c), respectively.
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Fig. 5 Joint histograms of the two frames in Fig. 4: (a) before correction, (b) after fixed-reference
correction, and (c) frame-by-frame correction.

correction, the grayscale intensity distribution becomes concentrated toward the diagonal line,
indicating a reduction in joint entropy and an increase in marginal entropy, resulting in higher MI
values. Indeed, compared to the MI value of 1.66 before the correction [Fig. 5(a)], the MI values
of 1.94 [Fig. 5(b)] and 2.05 [Fig. 5(c)] after correction indicate a significant reduction in
motion artifacts. Additionally, the frame-by-frame reference approach shows better performance
compared to the fixed-reference approach.

Figure 6 presents the kinetic curves before and after frame-by-frame motion correction on
DCE-FI of the same patient case discussed above. The white-light image exhibits an osteotomy
at the middle of the tibia [Fig. 6(a)]. A fluorescence image captured at one minute after ICG
injection is superimposed on a white-light image [Fig. 6(b)]. Four circular ROIs with a
10 mm diameter—Ilabeled p1 (magenta) and p2 (green) for the proximal region toward the head,
and d1 (yellow) and d2 (blue) for the distal region toward the foot—were positioned at equi-
distant points along the axis from the feet to the head, spanning the entire imaging FOV of the
tibias. The kinetic curves corresponding to these ROIs are presented in Fig. 6(c), color-coded to
match the ROIs. The dashed and solid lines represent kinetic curves before and after the motion
correction, respectively. The motion-induced intensity surges were smoothed out, and the general
trend of ICG bolus wash-in and wash-out was restored after correction.

Figure 7 presents the kinetic parameters extracted from the four ROIs in Fig. 6(b) before and
after the frame-by-frame correction. Due to the osteotomy damaging endosteal blood supply in
distal region, perfusion-related kinetic parameters (/,,,y, IS, and TTP) in ROIs of d1 and d2 were
expected to be significantly reduced (/,,,x and IS) or increased (TTP), compared to those in ROIs
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Fig. 6 MI-based motion correction improved the kinetic curves: (a) white-light image of the surgical
view; (b) with fluorescence image overlaid and four circular ROls drawn, two on the proximal region
(p1, p2) and two on the distal region (d1, d2); and (c) kinetic curves of the four ROIs in
corresponding colors, where dashed and solid lines represent kinetic curves before and after the
correction, respectively.

Journal of Biomedical Optics 016001-6 January 2024 e Vol. 29(1)



Tang et al.: Automatic correction of motion artifact in dynamic contrast-enhanced. ..

(a) lmax (b) IS (C) TTP

108 [Hp1 Ep2 :id1 #d2| 2.5 [mp1 @p2 iid1 #d2] 250 | |mp1 mp2 iid1 d2
s 80 & 2 200
£ 2 @
= 60 E15 o 150
2 g £
g 40 o 1 100
£ %)

20 0.5 50

0 S F o 0 P : 3 0 - . s i
Before After Before After Before After

Fig. 7 Ml-based motion correction improved the perfusion-related parameters before and after the
correction, in each of the proximal and distal circular ROl shown in Fig. 6(b): (a) average /max,
(b) average IS, and (c) average TTP.
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Fig. 8 The total corrected displacements of each imaging session in (a) x- and (b) y-axes.

of pl and p2. However, as shown in Fig. 7, before correction, these differences were not evident
(left portion of the bar graph in each subfigure). In contrast, after the correction, /,,,,, and IS in p1
and p2 (solid line) were higher than those in d1 and d2 (dashed line), whereas proximal TTPs
became much lower than those in distal ROIs. These drastic changes in perfusion-related param-
eters demonstrate a lower perfusion in the distal regions after the motion correction, indicating
the successful restoration of kinetic parameters.

The automated MI-based motion correction was applied to all images in 45 imaging sessions
(baseline, osteotomy, and circumferential periosteal/soft tissue stripping) of 15 amputation cases.
Figure 8 shows the total corrected displacements calculated by summing the absolute values of
correction between each frame in x- and y-axes of each imaging session. The range of total
displacements corrected varied from 0 to 23.9 mm [mean: 4.3 mm; standard deviation (SD):
5.3 mm] and 0 to 50.8 mm (mean: 9.6 mm; SD: 13.8 mm) along the x- and y-axes, respectively.
The average displacement in y-axis was more than double of that in x-axis, indicating more
substantial motion in y-direction in this amputation cohort.

4 Discussion

In addition to clinical imaging modalities such as DCE-MRI®’ and PET/CT,® other imaging
modalities such as photoacoustic imaging,”® laser speckle contrast imaging,>’ and laser
Doppler flowmetry®® have been adapted for in vivo blood flow assessment across various medical
applications. Photoacoustic imaging stands out by providing superior surface spatial resolution
and capturing angiographic images of tissue. However, it relies on a high-power, short-pulse, and
wavelength-tunable laser source to irradiate tissue, and it uses multiple ultrasound transducers to
detect the resulting pressure waves. Nevertheless, this approach has limitations related to imaging
depth, laser power safety considerations, and the complexities and costs associated with
solid-state laser systems, which hinder its widespread clinical adoption for assessing bone
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perfusion in real patients.”” Additionally, its imaging accuracy can be uncertain because the
ultrasound signal is affected by the complexities of light absorption and scattering under multi-
wavelength illumination.” Laser speckle contrast imaging, on the other hand, can effectively
capture relative blood flow in relatively clean and flat tissue surfaces based on speckle pattern
analysis. However, it faces challenges when applied to intraoperative orthopedic imaging due to
the surface roughness and deep 3D curvature of bones during surgery. Laser Doppler flowmetry
is an invasive technique that provides blood flow information at specific location, but it does not
be suitable in conditions where contact with the study area is avoided such as surgical
interventions.*” In contrast, as shown in this study, although ICG-based DCE-FI relies on exter-
nal contrast agents to generate useful images, it can capture the varies blood perfusion level of the
human bone due to the different levels of the damage intraoperatively, to realize the surgical
guidance for orthopedic surgery.

Various techniques have been developed to remove motion artifact in dynamic imaging,
including normalized MI, which reduces the impact of overlapping areas,”> and regional MI,
which integrates spatial information of pixel intensity distribution.”****" Comparing these
approaches, our simple frame-by-frame MI-based approach developed in this study is particu-
larly advantageous for intraoperative DCE-FI in orthopedic surgery due to several reasons. First,
it demonstrates robustness to clinical interferences and eliminates the need for any additional
hardware or manual selection. Second, it effectively addresses the high heterogeneity of
fluorescence intensity across the entire bone area within the imaging FOV, resulting in improved
image processing stability.

Due to the large number of imaging frames that require processing for each case, and the
limited processing time allowed intraoperatively, we have made some assumptions and simpli-
fications to reduce processing time while maintaining effectiveness. Given the rigid nature
of bone, we assumed that the corrections can be achieved through rigid transformation.
Additionally, we assume that all motions occurred at the same depth and were limited to planar
translations, neglecting minor motions such as rotation and movements in depth for this appli-
cation. Moreover, temporal down-sampling at an appropriate level was employed to accelerate
the processing time and reduce accumulated errors in the frame-by-frame registration process.

For the analysis presented in Figs. 6 and 7, ROIs were designated to optimally represent
perfusion across the entire tibial region of each patient under varying bone conditions while
ensuring methodological consistency and avoiding a biased selection that would only showcase
the most significant or dramatic improvements. The imaging FOV of the tibia was evenly divided
into four sections from the feet toward the head, with a 10 mm diameter ROI centrally located in
each section. Two ROIs were placed on the distal end and two on the proximal end, respectively.
This arrangement accounts for the average coronal dimensions of the tibia and helps to mitigate
potential edge artifacts. These ROIs are indicative of the system’s general performance in cap-
turing key perfusion metrics, such as /., IS, and TTP. Additionally, we extracted and compared
the average time-intensity curves of the tibia’s entire proximal and distal halves, both pre- and
postcorrection. The trends observed corroborate the improvements postcorrection, similar to
those depicted in Fig. 6(c). The utilization of four smaller ROIs, as opposed to two larger ones,
yielded more precise insights into the correction’s efficacy across varying perfusion levels within
the tibia.

As observed in Fig. 8, the corrected displacements were significantly reduced in the later
cases (4 to 15) compared to the early cases (1 to 3). This improvement can be attributed to the
enhanced surgical techniques adopted in subsequent cases. Specifically, surgeons took greater
care to avoid nonessential clinical interventions during imaging sessions, such as minimizing
movement of retractors and carefully suctioning away blood from the surface with minimal tissue
contact.

In Fig. 3, we assess the effectiveness of MI-based motion correction for minimizing motion
artifacts caused by mechanical disturbances and patient respiration. The analysis focused on
wells with 100 and 300 nM ICG-equivalent concentrations, selected based on their fluorescence
intensities matching those observed in the tibia via the SPY Elite Fluorescence Imaging System
and correlating with the extent of bone damage. Figure 9 presents a comparison of ICG intensity
in the tibial bone area of 15 patient’s postlower extremity amputation against that in phantom
wells with equivalent ICG concentrations. Figure 9(a) shows the average histogram distributions

31,32
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Fig. 9 Comparative analysis of ICG intensity in the tibial bone region of 15 patients’ postlower
extremity amputation against phantom wells with ICG-equivalent concentrations. (a) Average
histogram distributions from multiple imaging sessions display baseline (top), postosteotomy
(middle), and postcircumferential periosteal/soft tissue stripping (bottom) measurements, with the
90% confidence intervals shaded. Diagonal lines highlight the area within the mFWHM of the
average histograms. (b) Relationship between fluorescence intensity and ICG-equivalent concen-
trations for the validation phantom. The shaded region delineates the range of ICG intensity
corresponding to mMFWHM of the average histograms and associated concentrations.

across various imaging sessions: baseline (top), after osteotomy (middle), and following circum-
ferential periosteal/soft tissue stripping (bottom), with 90% confidence intervals shaded. The
diagonal lines mark the area within the modified full width at half maximum (mFWHM)*
of the average histograms. As depicted in Fig. 9(a), the ICG intensities within the mFWHM
range from 18 to 176 RFUs. Using the calibration curve of fluorescence intensity versus
ICG-equivalent concentrations from the validation phantom in Fig. 9(b), these ICG intensity
ranges correspond to concentrations between 49 and 540 nM.

To illustrate our approach, we focused on case 2, where a significant amount of motion
artifacts was observed. The comparison of boundary alignment of bone to soft tissue (Fig. 4)
provides a straightforward and compelling demonstration of the improvement in imaging quality.

Furthermore, the changes in joint histograms before and after the correction (Fig. 5) demon-
strate the efficacy of the MI-based approach, especially with the frame-by-frame reference approach.

Quantitative analysis results in Figs. 6 and 7 revealed that the kinetic behaviors of tibial
tissues were restored after the removal of motion artifacts. Although there are no standard
perfusion references corresponding to the damages caused by osteotomy or soft tissue stripping,
we assumed that the distal area would be less perfused than the proximal area after osteotomy.
This assumption is based on the original higher vascularization in the proximal half of the tibia,*
and the subsequent reduction in distal perfusion due to the osteotomy, which cut off both
periosteal and endosteal blood supply toward the distal region. The precorrection levels of per-
fusion indicated the significance of motion artifact removal in DCE-FI to achieve intraoperative
and objective perfusion assessments.

For our phantom validations, we simulated the two most common types of motion encoun-
tered in intraoperative DCE-FI imaging during orthopedic surgery, namely, mechanical disturb-
ances and breathing motions. While our imaging system operates at a video frame rate of
3.75 Hz, which effectively captures breathing artifacts at approximately 0.3 Hz, it falls short
in adequately capturing high-frequency disruptive mechanical motions that can occur within
a single frame. Additionally, even though our correction process is applied on a frame-by-frame
basis and incorporates permanent displacements as the cumulative sum of interframe displace-
ments, it is essential to acknowledge that as these displacements accumulate during the correction
process, significant permanent displacement can lead to a portion of the bone area shifting out of
the FOV, potentially causing the loss of information in that area due to the correction process.
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Nonetheless, the results presented in Fig. 3 demonstrate that our method effectively mitigates
high-frequency artifacts to an acceptable level.

Our optimization involves searching for the maximum MI using a kernel of 3 X 3 pixels
instead of an exhaustive grid search. With this optimized correction between two frames, the
registration can be achieved within seconds. However, since the approach needs to be imple-
mented frame-by-frame and each dataset contains 1024 frames, the total processing time for
an entire dataset is ~20 min. Reflecting on our previous success with utilizing parallel process-
ing to markedly reduce DCE-FI processing times from 20 min in Matlab to under a minute using
Python’s multiprocessing package, applying a similar strategy to MI calculations will enable the
real-time image registration feedback. This advancement could potentially cut down the time
required to provide image guidance in orthopedic surgeries to a few minutes.***!

5 Conclusion

The results from this study demonstrate that automatic MI-based correction reduces motion
artifact during the DCE-FI imaging data acquisition and significantly improve the quantitative
assessments of bone perfusion.

Disclosures
The authors declare that there are no conflicts of interest related to this article.

Code and Data Availability

Data underlying the results presented in this paper are not publicly available at this time but may be
obtained from the authors upon reasonable request.

Acknowledgments

This work was funded by the National Institutes of Health (NIH) (Grant No. RO1 AR077157), the
Department of Defense (DoD) Clinical Translational Research (Grant No. W81XWH2010319), and
the Gillian Reny Stepping Strong Center for Trauma Innovation award.

References

1. M. Marenzana and T. R. Arnett, “The key role of the blood supply to bone,” Bone Res. 1, 203-215 (2013).

2. H. C. Yun et al., “Infection after orthopaedic trauma: prevention and treatment,” J. Orthopaed. Trauma 30,
S21-S26 (2016).

3. W.J. Metsemakers et al., “Fracture-related infection: a consensus on definition from an international expert
group,” Injury-Int. J. Care Injured 49, 505-510 (2018).

4. B.Parsons and E. Strauss, “Surgical management of chronic osteomyelitis,” Am. J. Surg. 188, 57s—66s (2004).

5. M. Panteli and P. V. Giannoudis, “Chronic osteomyelitis: what the surgeon needs to know,” Efort Open Rev.
1, 128-135 (2016).

6. L. Jodal et al., “Blood perfusion in osteomyelitis studied with ['3O] water PET in a juvenile porcine model,”
EJNMMI Res. 7, 4 (2017).

7. D. H. J. Poot et al., “Dynamic contrast-enhanced MRI of the patellar bone: how to quantify perfusion,”
J. Magn. Reson. Imaging 47, 848-858 (2018).

8. J. P. Dyke et al., “Characterization of bone perfusion by dynamic contrast-enhanced magnetic resonance
imaging and positron emission tomography in the Dunkin—Hartley guinea pig model of advanced osteoar-
thritis,” J. Orthopaed. Res. 33, 366-372 (2015).

9. J. T. Elliott et al., “Bone-specific kinetic model to quantify periosteal and endosteal blood flow using
indocyanine green in fluorescence guided orthopedic surgery,” J. Biophotonics 12, €201800427 (2019).

10. S. Jiang et al., “Endosteal and periosteal blood flow quantified with dynamic contrast-enhanced fluorescence
to guide open orthopaedic surgery,” Proc. SPIE 11222, 112220F (2020).

11. L L. Gitajn et al., “Evaluation of bone perfusion during open orthopedic surgery using quantitative dynamic
contrast-enhanced fluorescence imaging,” Biomed. Opt. Express 11, 6458-6469 (2020).

12. S. K. Gao et al., “Image overlay solution based on threshold detection for a compact near infrared fluores-
cence goggle system,” J. Biomed. Opt. 20, 016018 (2015).

13. C. Mela, F. Papay, and Y. Liu, “Enhance fluorescence imaging and remove motion artifacts by combining
pixel tracking, interleaved acquisition, and temporal gating,” IEEE Photonics J. 13, 1-13 (2021).

Journal of Biomedical Optics 016001-10 January 2024 e Vol. 29(1)


https://doi.org/10.4248/BR201303001
https://doi.org/10.1097/BOT.0000000000000667
https://doi.org/10.1016/j.injury.2017.08.040
https://doi.org/10.1016/S0002-9610(03)00292-7
https://doi.org/10.1302/2058-5241.1.000017
https://doi.org/10.1186/s13550-016-0251-2
https://doi.org/10.1002/jmri.25817
https://doi.org/10.1002/jor.22768
https://doi.org/10.1002/jbio.201800427
https://doi.org/10.1117/12.2546173
https://doi.org/10.1364/BOE.399587
https://doi.org/10.1117/1.JBO.20.1.016018
https://doi.org/10.1109/JPHOT.2021.3055809

Tang et al.: Automatic correction of motion artifact in dynamic contrast-enhanced. ..

14. J. T. Elliott et al., “Intraoperative assessment of bone viability through improved analysis and visualization of
dynamic contrast-enhanced fluorescence imaging: technique report,” OTA Int. Open Access J. Orthopaed.
Trauma 5, €222-e222 (2022).

15. E. Demicheli et al., “Localization and noise in edge-detection,” IEEE Trans. Pattern Anal. Mach. Intell. 11,
1106-1117 (1989).

16. R. Anas, H. A. Elhadi, and E. S. Ali, “Impact of edge detection algorithms in medical image processing,”
World Sci. News 118, 129-143 (2019).

17. P. Viola and W. M. Wells, “Alignment by maximization of mutual information,” Int. J. Comput. Vis. 24,
137-154 (1997).

18. G. K. Rohde, B. M. Dawant, and S. F. Lin, “Correction of motion artifact in cardiac optical mapping using
image registration,” /[EEE Trans. Biomed. Eng. 52, 338-341 (2005).

19. J. P. W. Pluim, J. B. A. Maintz, and M. A. Viergever, “Mutual-information-based registration of medical
images: a survey,” IEEE Trans. Med. Imaging 22, 986—1004 (2003).

20. F. Maes, D. Vandermeulen, and P. Suetens, “Medical image registration using mutual information,” Proc.
IEEE 91, 1699-1722 (2003).

21. X. Han et al., “Spatial and temporal patterns in dynamic-contrast enhanced intraoperative fluorescence
imaging enable classification of bone perfusion in patients undergoing leg amputation,” Biomed. Opt.
Express 13, 3171-3186 (2022).

22. Y. Tang et al., “Automated motion artifact correction for dynamic contrast-enhanced fluorescence imaging
during open orthopedic surgery,” Proc. SPIE 12361, 1236104 (2023).

23. D. B. Russakoff et al., “Image similarity using mutual information of regions,” Lect. Notes Comput. Sci.
3023, 596-607 (2004).

24. A.J. Ruiz et al., “Indocyanine green matching phantom for fluorescence-guided surgery imaging system
characterization and performance assessment,” J. Biomed. Opt. 25, 056003 (2020).

25. J. Shepherd et al., “Photoacoustic imaging through a cortical bone replica with anisotropic elasticity,” Appl.
Phys. Lett. 116, 243704 (2020).

26. M. M. Menger et al., “Photoacoustic imaging for the study of oxygen saturation and total hemoglobin in bone
healing and non-union formation,” Photoacoustics 28, 100409 (2022).

27. W. Heeman et al., “Clinical applications of laser speckle contrast imaging: a review,” J. Biomed. Opt. 24,
080901 (2019).

28. N.J. Hanne, E. D. Easter, and J. H. Cole, “Minimally invasive laser Doppler flowmetry is suitable for serial
bone perfusion measurements in mice,” Bone Rep. 11, 100231 (2019).

29. N. Nyayapathi and J. Xia, “Photoacoustic imaging of breast cancer: a mini review of system design and
image features,” J. Biomed. Opt. 24, 121911 (2019).

30. J. C. Luck et al., “Multiple laser Doppler flowmetry probes increase the reproducibility of skin blood flow
measurements,” Front. Physiol. 13, 876633 (2022).

31. V. Hamy et al., “Respiratory motion correction in dynamic MRI using robust data decomposition registration
- application to DCE-MRL,” Med. Image Anal. 18, 301-313 (2014).

32. X.lJinetal., “Evaluation of motion correction methods in human brain PET imaging-a simulation study based
on human motion data,” Med. Phys. 40, 102503 (2013).

33. C. Studholme, D. L. G. Hill, and D. J. Hawkes, “An overlap invariant entropy measure of 3D medical image
alignment,” Pattern Recognit. 32, 71-86 (1999).

34. D. Rueckert et al., “Nonrigid registration using free-form deformations: application to breast MR images,”
IEEE Trans. Med. Imaging 18, 712—721 (1999).

35. Z. FE. Knops et al., “Normalized mutual information based registration using k-means clustering and shading
correction,” Med. Image Anal. 10, 432-439 (2006).

36. S. H. Chen et al., “Medium-low resolution multisource remote sensing image registration based on SIFT and
robust regional mutual information,” Int. J. Remote Sens. 39, 3215-3242 (2018).

37. J. P. W. Pluim, J. B. A. Maintz, and M. A. Viergever, “Image registration by maximization of combined
mutual information and gradient information,” IEEE Trans. Med. Imaging 19, 809-814 (2000).

38. S. L. Peng et al., “Analysis of parametric histogram from dynamic contrast-enhanced MRI: application in
evaluating brain tumor response to radiotherapy,” NMR Biomed. 26, 443-450 (2013).

39. E. Santolini et al., “Femoral and tibial blood supply: a trigger for non-union?” Injury 45, 1665-1673 (2014).

40. S. Jiang et al., “ICG-based dynamic contrast-enhanced fluorescence imaging guided open orthopaedic
surgery: pilot patient study,” Proc. SPIE 11625, 116250W (2021).

41. R. Shams et al., “Parallel computation of mutual information on the GPU with application to real-time
registration of 3D medical images,” Comput. Methods Programs Biomed. 99, 133-146 (2010).

Yue Tang is a PhD candidate at Thayer School of Engineering at Dartmouth College. He
received his BS degree in biomedical engineering from Zhejiang University, China, in 2020.

Journal of Biomedical Optics 016001-11 January 2024 e Vol. 29(1)


https://doi.org/10.1097/OI9.0000000000000222
https://doi.org/10.1097/OI9.0000000000000222
https://doi.org/10.1109/34.42841
https://doi.org/10.1023/A:1007958904918
https://doi.org/10.1109/TBME.2004.840464
https://doi.org/10.1109/TMI.2003.815867
https://doi.org/10.1109/JPROC.2003.817864
https://doi.org/10.1109/JPROC.2003.817864
https://doi.org/10.1364/BOE.459497
https://doi.org/10.1364/BOE.459497
https://doi.org/10.1117/12.2650028
https://doi.org/10.1007/978-3-540-24672-5_47
https://doi.org/10.1117/1.JBO.25.5.056003
https://doi.org/10.1063/5.0011260
https://doi.org/10.1063/5.0011260
https://doi.org/10.1016/j.pacs.2022.100409
https://doi.org/10.1117/1.JBO.24.8.080901
https://doi.org/10.1016/j.bonr.2019.100231
https://doi.org/10.1117/1.JBO.24.12.121911
https://doi.org/10.3389/fphys.2022.876633
https://doi.org/10.1016/j.media.2013.10.016
https://doi.org/10.1118/1.4819820
https://doi.org/10.1016/S0031-3203(98)00091-0
https://doi.org/10.1109/42.796284
https://doi.org/10.1016/j.media.2005.03.009
https://doi.org/10.1080/01431161.2018.1437295
https://doi.org/10.1109/42.876307
https://doi.org/10.1002/nbm.2882
https://doi.org/10.1016/j.injury.2014.09.006
https://doi.org/10.1117/12.2578976
https://doi.org/10.1016/j.cmpb.2009.11.004

Tang et al.: Automatic correction of motion artifact in dynamic contrast-enhanced. ..

His research focuses on intraoperative fluorescence imaging for orthopedic surgeries and patient
outcome analysis.

Ida Leah Gitajn is an assistant professor of orthopaedics surgery at Dartmouth. She received her
BS degree from McGill University and MD from University of Maryland School of Medicine.
She completed orthopedic residency at Harvard Combined Orthopaedics Surgery Residency
Program at Massachusetts General Hospital and subspecialty training in trauma at R Adams
Cowley Shock Trauma Center. Her research interests include high energy trauma, infection, and
optical imaging applications into orthopaedics surgical applications.

Xu Cao is an associate professor at the School of Life Science and Technology, Xidian
University. He received his PhD in biomedical engineering from Tsinghua University, China.
He was a research assistant professor at Thayer School of Engineering at Dartmouth
College, United States. His research focuses on optics in medicine and Cherenkov luminescence
imaging.

Xinyue Han is a postdoctoral fellow in the Department of Radiology and Imaging Sciences at
Indiana University. She received her BS degree in applied biosciences from Zhejiang University
in 2016, her MEng degree in biomedical engineering from Dartmouth College in 2018, and her
PhD in biomedical engineering from Dartmouth College in 2023. Her research interests include
diffusion magnetic resonance imaging and fluorescence guided surgery.

Jonathan T. Elliott is a senior scientist and assistant professor in the Department of Surgery at
Dartmouth-Hitchcock Medical Center. He received his BMSc and PhD degrees from the
University of Western Ontario and completed his postdoctoral fellowship at Dartmouth
College. He leads the Dynamic Surgical-Guidance Lab, which is engaged in the development
of optical imaging and sensing modalities to measure dynamic contrast in cancer and trauma.

Logan M. Bateman is a graduate student at Thayer School of Engineering at Dartmouth
College. He received his BS degree in biomedical engineering from Regis College in 2017.
His research interests include intraoperative fluorescence imaging, hardware-associated infec-
tions, and translational research.

Bethany S. Malskis was a clinical research coordinator in the Department of Orthopaedics at
Dartmouth Hitchcock Medical Center.

Lillian A. Fisher is a clinical research coordinator in the Department of Orthopaedics at
Dartmouth Hitchcock Medical Center. She received her BA degree in biology with a concen-
tration in neurobiology from Colby College in 2022. Her research interests include intraoperative
fluorescence imaging, hardware-associated infections, and patient-reported outcomes.

Jessica M. Sin is a musculoskeletal radiologist at Dartmouth Hitchcock Medical Center and an
assistant professor of radiology at the Geisel School of Medicine. She received her MD degree
from Stanford University School of Medicine in 2011. She completed residency training in
diagnostic radiology at Stanford in 2016. She completed a fellowship in musculoskeletal imaging
and intervention in 2017 at the University of Wisconsin-Madison. Her research interests include
imaging of bone infection and bone tumors.

Eric R. Henderson is an assistant professor of orthopaedic surgery at Dartmouth. He completed
medical school and orthopedic residency at the University of South Florida and completed an
orthopedic oncology fellowship at Massachusetts General Hospital. He practices orthopedic
oncology at Dartmouth-Hitchcock Medical Center.

Shudong Jiang is a professor of engineering at Dartmouth College. She received her PhD in
optoelectronics from Tokyo Institute of Technology, Japan, in 1992. Her research focus is on
developing the near-infrared diffuse imaging systems for breast cancer detection and predicting
breast tumor response to neoadjuvant chemotherapy, indocyanine green-based fluorescence im-
aging-guided orthopedic surgery, and Cherenkov imaging for radiation therapy.

Journal of Biomedical Optics 016001-12 January 2024 e Vol. 29(1)



