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In vivo laser speckle contrast imaging
of microvascular blood perfusion
using a chip-on-tip camera

Lukas Markwalder,1 Rodney Gush,2 Faisel Khan,1 Colin E. Murdoch,1,4,5,* and Nikola Krstaji�c3,4,*

SUMMARY

Laser speckle contrast imaging (LSCI) is an important non-invasive capability for real-time imaging for tis-
sue-perfusion assessment. Yet, the size and weight of current clinical standard LSCI instrumentation
restricts usage to mainly peripheral skin perfusion. Miniaturization of LSCI could enable hand-held instru-
mentation to image internal organ/tissue to produce accurate speckle-perfusion maps. We characterized
a 1mm2 chip-on-tip camera for LSCI of blood perfusion in vivo and with a flow model. A dedicated optical
setupwas built to compare chip-on-tip camera to a high specification reference camera (GS3) for LSCI. We
compared LSCI performance using a calibration standard and a flow phantom. Subsequently the camera
assessed placenta perfusion in a small animal model. Lastly, a human study was conducted on the perfu-
sion in fingertips of 13-volunteers. We demonstrate that the chip-on-tip camera can perform wide-field,
in vivo, LSCI of tissue perfusion with the ability to measure physiological blood flow changes comparable
with a standard reference camera.

INTRODUCTION

Laser speckle contrast imaging (LSCI) is a clinical technique for non-invasive assessment of blood flow activity in the superficial layers of tissue1

that is still not widely used comparedwith other imaging techniques such asMRI or ultrasound. LSCI strength lies in wide-field (i.e., imaging of

an area of tissue into a camera frame), imaging of spatial and temporal perfusion without the requirement for invasive contrast agents. LSCI

allows clinicians to locate areas of poor perfusion or to observe hyperperfusion in quasi real time due to the relatively low computational

burden of converting image data into perfusion maps.2

Furthermore, the technology relies on a relatively simple and low-cost laser and camera setup. Since its introduction in the early 1980s for

imaging retinal vasculature,3 LSCI has been used for various blood flow assessments, predominantly in easy-to-access areas of skin or surgi-

cally exposed tissue due to size of the current LSCI imaging systems (e.g., moorFLPI-2, Moor Instruments Ltd, UK). Laser speckle imaging has

been effectively implemented in breast reconstructive surgery.4

Perfusion imaging can be performedusingmany techniques, frommagnetic resonance imaging (MRI) and computed tomography (CT), via

ultrasound and optical methods.5,6 We confine our attention to clinically proven optical techniques because they provide instantaneous and

affordable health of tissue intraoperatively. For example, it is usually not practical to operate during MRI or CT scanning. Contrast enhanced

ultrasound (CEUS) is a recent candidate for perfusion imaging with depth, but it is more limited in terms of imaging resolution and size of

vessels (�2mm).7 Laser Doppler, another laser-based perfusion imaging method, has been approved by UK National Institute for Health

andCare Excellence (NICE) for effective burn wound assessment8 as part of the clinical pathways to alert cases that need further surgical treat-

ment. The method relies on pixel-after-pixel scanning, slower than LSCI wide-field imaging.

As mentioned previously, we focus on LSCI and several studies have addressed the integration of the LSCI technique into an endoscope

and demonstrated perfusion imaging, e.g., in the knee,9 uterus,10 gastrointestinal tract,11,12 and deepbrain.13While these studies highlighted

the potential of LSCI for intra-surgery imaging, they relied on combining research grade (or standard vision) cameras with rigid endo-

scopes9–12 or, in limited way, fiber image guides.14 Direct-view into brain using miniature optics was used for deep brain imaging, but

with highly disruptive endoscopy.13 The best performance achieved so far is from rigid endoscope architectures since there is a clear optical

path from tissue to camera. However, while rigid endoscopes provide a form of miniaturization, they cannot be used in all clinical pathways

(e.g., pulmonology, urology, cardiology, and gastroenterology) which regularly view internal organs/tissue using flexible endoscopes inserted

through natural channel (e.g., airway, gastrointestinal tract). Fiber guides (or fiber bundles) are a natural candidate as a flexible guide into
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tissue of interest. However, they have the disadvantage of splitting the view into a mosaic of numerous fiber cores with gaps from fiber clad-

ding.15 Furthermore, the properties of fiber cores limit how speckles are transmitted and detected16 since the number of modes transmitted

will vary from core to core.

In the present study, we implement a commercially available miniature (1 mm 3 1 mm) chip-on-tip camera with integrated lens (NanEye,

grayscale version, AMS, Austria) into an LSCI setup and demonstrate feasibility of LSCI imaging performance in compact format. The main

reasons we chose this camera are as follows: (i) camera is readily available and affordable from several suppliers; (ii) the CMOS (complimentary

metal-oxide semiconductor) sensor has a track record in endoscopy applications due to optimized wafer-level microlensing (see in the

following discussion section ); (iii) grayscale version of the CMOS sensor is available for optimal speckle imaging whereas white light endos-

copy normally uses color balanced CMOS sensor with Bayer filter.

Prior use of this or similar cameras include point-based laser speckle sensing for gingival health,17 preliminary speckle imaging of skin,18

wearable fibreless mouse brain blood flow imager.19 Whereas these applications were able to track physiological perfusion changes from a

single point, our design preserves the wide-field (or area) imaging aspect of LSCI. Commercial available LSCI and LDI systems are routinely

used in pre-clinical small-animal models for assessment of peripheral artery disease, stroke, and vascular function.20–22 The ability to image

perfusion in different organs in small animals has led to advances in miniature microscopes,23–26 which provide a miniaturized platform for

wide-field LSCI,27 scanning laser Doppler vibrometer, and multi-modal imaging.28 While many cameras and lasers were evaluated for

LSCI,29–31 it is indeed surprising to find that chip-on tip camera has not been more widely evaluated for flexible endoscopy with wide-

field-view and LSCI especially since the chip-on-tip CMOS cameras have been available for more than a decade. Our main aim in this paper

is to prove the technology is suitable for full implementation into flexible endoscopy as a wide-field or area imaging device that can enhance

endoscopic surgery. Our setup is not fully miniaturized and endoscopic (see Figure 1 where optical fiber and camera are separately placed

while they should be integrated into single housing for endoscopy), but given the results presented—we demonstrate the current chip-on-tip

camera technology with integrated optics, which is capable to be integrated into flexible endoscopes, has the ability to image changes in

perfusion over a small but wide-field area. We present diagrams for the endoscopy system in discussion and Figure S2 below.

The speckle patterns captured by our setup allow for computation of perfusion maps over an area 4.9 mm2, at a 13mm working distance

(see Table 1 for chip-on-tip details). In vivo measurements on the human fingertip and vascular mapping of murine fetus yielded detailed

perfusion images. Small-animal in vivo models of pregnancy complications are an important aspect of understanding the physiological

processes involved. For example, mapping vasculature and perfusion of placenta allows for a powerful test during twin-to-twin transfusion

syndrome procedure.10 Capture and analysis of speckle patterns is also an established imaging method in ultrasound context32 and we

re-deploy it optically. Hence, this setup exploits the imaging function of (commercial) LSCI imagers while reducing the size of the required

hardware components to enable assessment of internal organs or tissues or orifices within the body. With future integration of fibre-coupled

laser source and the chip-on-tip camera into a custom housing we would pave the way to a flexible endoscope architecture.

RESULTS

Calibration of laser speckle contrast imaging

An optical-LSCI setup (Figure 1A) was constructed to allow quasi-simultaneous acquisition from the chip-on-tip (Figure 1B) and reference

(GS3-U3-32S4M-C 1/1.800 FLIR Grasshopper3 High Performance USB 3.0 Monochrome Camera, Teledyne FLIR, USA) camera (Table 2). Mea-

surements of the optical-LSCI setup on a reference target allowed for calibration and the conversion of speckle contrast to standardized

Figure 1. Optical layout of the LSCI imaging system

(A) Schematic diagram of LSCI imaging setup. Illumination by a 785 nm, fiber-coupled laser and imaging with the chip-on-tip camera (NanEye, AMS) and a

reference camera (FLIR). Chip-on-tip camera was 13 mm from object.

(B) Size comparison of Chip-on-tip camera (1 mm 3 1 mm size) to a one-pound coin.
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perfusion units (PU). A static reference, equivalent to zero perfusion activity, yielded spatial contrast of 0.442G 0.010 for the reference camera

and 0.233G 0.007 for chip-on-tip under 5mW illumination. For the motility target which is based on Brownian motion and equivalent to 500

PU, a spatial contrast value of 0.165 G 0.005, and 0.075 G 0.006 were measured for reference and chip-on-tip cameras, respectively. Both

cameras show a clear distinction in spatial contrast values between the static and motility reference which was later used for calibration of

in vivo measurements. However, contrast captured by the chip-on-tip camera is notably lower because of reduced sensor sensitivity and a

lower pixel number compared to the reference camera (Table 1).

Chip-on-tip laser speckle contrast imager can detect linear flow

Temporal LSCI measurements of linear flow were obtained using a custom-built flow phantom with circular 0.75 mm diameter channels

embedded in an intralipids-agarose bed (Figure 2A). A temporal contrast line profile was computed, across the gel bed and orthogonally

cutting one of the channels (Figure 2B). The monochromatic images of chip-on-tip and the reference camera show the relative position of

the line profile. There was a clear blurring of the speckle pattern over and around the channel, compared with the more developed pattern

of the static area (gel bed). Temporal contrast, captured by the reference camera, was 1.5 G 0.1 for the static area and gradually decreased

toward the center of the channel, with a minimum of 0.95 (Figure 2B). The chip-on-tip tracked the profile of the reference camera, although

with a general reduction in contrast (Figure 2B). Imaging the static gel area yielded values between 0.48 and 0.53 and a minimum of 0.41 for

the center of the channel area. The line profiles show reduced contrast for blurred speckle pattern of areas with channel flow. Conversely,

speckle contrast is higher for the background. Values larger than one, recorded by the reference camera, are an artifact of adjusting the

computed contrast values by multiplication with the intensity read of the pixels involved in the contrast kernels and normalization by the

average frame intensity.

Temporal contrast of the flow of an intralipid solution through the channels (0.75 mm) was obtained for multiple flow speeds (0.1, 0.1, 5,

10 m/s) (Figure 2C). Contrast values were area-averaged in a box of 2003 50 pixels for the reference camera and 1003 30 pixels for chip-on-

tip. Both cameras showed a similar exponential decay (exponent �0.048, �0.044 for the reference camera and chip-on-tip, respectively) in

temporal contrast with increasing flow speed. For the reference camera, temporal contrast was 0.158G 0.013 for 0.1 mm/s and decreased to

0.127 G 0.013 for 10 mm/s flow. For chip-on-tip, the values were off-set and generally 0.1 lower with temporal contrast of 0.064 G 0.008

for 0.1 mm/s and 0.052 G 0.008 for 10 mm/s. Temporal contrast of both cameras correlated linearly. The linear regression model yielded

R2 = 0.956 (Figure 2D).

Perfusion mapping in a murine model

In the context of cardiovascular research of pregnancy complications, vascular/perfusion mapping with the developed LSCI setup was tested

in vivo on a murine pre-clinical model of pregnancy. Figure 3 shows perfusion maps of two surgically exposed murine fetus in utero (located

within the amnionic membrane) during late gestation (day 17.5) with the individual placentas and the maternal supply by the uterine artery.

The temporal LSCI scans display the perfusion maps under normal condition (Figure 3B) and under ligation of blood vessels supplying the

pups (arrows in Figure 5C indicate the point of restriction). A clear decrease in perfusion activity by 23G 2% was observed by both cameras

when blood flow was restricted (Figure 3C). Despite imaging through the amnionic membrane, the scans also revealed placental perfusion,

marked by the black box. The scans also showed varying blood flow in the vessels, as seen in the top quarter of the perfusion images. Thus, the

Table 1. Technical specifications of the cameras

Camera Reference camera (GS3) Chip-on-tip camera (NanEye)

Product code GS3-U3-32S4M-C NE2D_B&W_FOV90F2.7_2m

Manufacture Teledyne

FLIR, US

AMS, Austria

Function Monochromatic (CMOS) standard machine

vision camera used for reference

Monochromatic (CMOS) micro camera

with 1 3 1 3 1.69 mm module size

Optical format 1⁄1800 1⁄1600

Pixel size 3.45 mm 3 3.45 mm 3 mm 3 3 mm

CMOS sensor resolution

(number of pixels in detector array)

2048 3 1536 pixel 249 3 250 pixel

Lens system 50 mm fixed focal length (MVL50M23, Thorlabs) f/# is 2.7, focal length for assumed

1 mm aperture is 2.7 mm

Camera target distance 350 mm 13 mm

Temporal dark noise 5.11 e- 50.75 e-

Exposure (@40 frames per second) 25 ms 25 ms

fps, frames per second.
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measurements highlight the chip-on-tip system’s capability of vascular mapping by providing detailed images of tissue perfusion and indi-

cation of flow within macroscopic vessels in a pre-clinical or surgical setting. The scans also indicated the potential of a future chip-on-tip

camera endoscope integration for intra-surgery LSCI, to measure visceral tissue blood flow in situ.

Blood perfusion study in human fingertip yields promising results for future chip-on-tip LSCI

To test if the LSCI hardware was sensitive enough tomeasure physiological blood flow changes in the dermal vasculature wemeasured perfu-

sion at the fingertip in volunteers (male and female aged 20–60 years) under varying conditions. Sequential LSCI scans on the fingertip by the

reference and chip-on-tip cameras during increasing upper-arm occlusion demonstrated clear stepwise decrease in relative finger-tip perfu-

sion correlating with the increasing cuff pressure (60, 120, and 180 mmHg) (Figure 4A). The red square in the images (Figure 4A) defines the

region of interest used for the calculations of relative perfusion, as normalized to baselinemeasurements, under various conditions (Figure 4B).

Occlusion of 60, 120, and 180 mmHg induced an average 16G 2%, 31G 4%, and 39G 3% reduction, respectively, in relative finger-tip perfu-

sion captured by the reference camera. In comparison, the chip-on-tip captured similar values compared to the reference camera with perfu-

sion reductions of 15G 3%, 38G 4%, and 54G 4% for the same cuff pressures. The cuff was then deflated and after a 10 min recovery period,

perfusion was back to baseline level as observed by both cameras. A rapid occlusion at 180 mmHg achieved a similar reduction in blood flow

activity as seen previously with the stepwise cuff inflation. Likewise, the subsequent 10 min of recovery was also similar. To measure vasodi-

lation and subsequent mild changes in perfusion activity, the subject’s hands were warmed in a water bath with temperature >40 G 2�C for

5 min. A scan within 30 s after removing from the bath yielded perfusion values 5.5G 1.5% higher than baseline for the reference camera, and

17 G 4% for chip-on-tip. Additional measurements after 1 and 2 min observed perfusion level decrease to 4 G 2% above baseline, respec-

tively, and 11 G 4% for the chip-on-tip. Generally, the relative (PU converted and baseline-normalized) spatial contrast values captured by

chip-on-tip and the reference camera correlated well through the applied protocol (R2 = 0.98). Interestingly, the chip-on-tip camera observed

higher amplitudes of perfusion flow changes, i.e., relative perfusion levels was lower for full occlusion than for the reference camera. Similarly,

temperature stimulation resulted in higher values for chip-on-tip than for the reference image data. However, to note is the general reduction

in measured contrast. Like the measurements on the calibration kit, the recorded values for chip-on-tip were approximately half the magni-

tude of the reference camera which may be explained by lower resolution and sensitivity of the chip-on-tip CMOS sensor.

Figure 5 shows Bland-Altman plot which provides further analysis of the correlation between the reference camera and chip-on-tip camera.

Both cameras had good correlation during most of the protocol with values lying within the limits of agreement (average differenceG1.963

standard deviation of difference). The Bland-Altman plot also highlights that chip-on-tip camera captured lower relative blood flow during

occlusion than the reference camera and registered higher values during temperature stimulation (as observed in Figure 4B).

Limitations

The limitations in imaging optics were related to the small size and design of the chip-on-tip camera. The cameramodule incorporated a fixed

lens with 90� FOV and f/# (or f-number) 2.7. At best focus (specified by themanufacturer), the camera was positioned at 13mmdistance to the

imaging plane, a distance ideal for perfusion mapping. The fixed design, however, limited the degrees of adjustment for speckle imaging,

particularly for matching speckle size with pixel size. The size of the smallest resolvable speckles is defined by

Smin = 2:443 ð1 + MÞ3 f=#3 l; (Equation 1)

WhereM is the magnification of the imaging system, f/# is the f-number and l the operating wave length.33 N describes the ratio of the mini-

mally resolvable speckle size and the pixel size of the imaging CMOS sensor. We computedNchip-on-tip = 1.54 andNG3 = 13.04. For fulfillment

Table 2. Protocol of altering blood flow in the arms of volunteers with LSCI measurements on the fingertip

Step Action

Baseline 1-4 4 measurements each with chip-on-tip and Reference cameras

Occlusion 60 mmHg upper arm occlusion, hold for 30 s and scan

Occlusion 120 mmHg upper arm occlusion, hold for 30 s and scan

Occlusion 180 mmHg upper arm occlusion, hold for 30 s and scan

Recovery for 10 min

Recovery scan 1

Occlusion 180 mmHg upper arm occlusion, hold for 60 s and scan

Recovery for 10 min

Recovery scan 2

Water bath Hand in warm water bath (>40�C) for 5min

Temperature 1-3 Scans after 30 s, 1 min and 2 min after exiting water bath

Scans were conducted subsequently within a 5-s window, with chip-on tip followed by Reference camera.
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of the Nyquist sampling criterion,NR 2 is required. Clearly, our chip-on-tip based system did not meet this standard and which impaired the

quality of contrast imaging. As for under-sampling (N < 2), the captured speckle pattern of larger speckles interferes with smaller, non-resolv-

able speckles. Therefore, the absolute contrast is reduced as shown previously in a study by Ramirez-San-Juan et al.34 However, the same

study also showed that flow changes still could be captured consistently with N < 2. Thus, our speckle contrast imaging system based on

a 1 mm2 chip-on-tip camera demonstrated the perfusion imaging capability.

DISCUSSION

Speckle contrast comparison between chip-on-tip and reference cameras

For all data obtained, there were generally lower values of speckle contrast obtained by chip-on-tip than by the reference camera. The chip-

on-tip camera’s absolute contrast was on average just 59% of the level obtained by the reference camera during calibration, 49% for the flow

phantommeasurements, 50% for the finger blood flow study and 12% for murine uterine scans. Though lower in absolute values, the chip-on-

tip camera tracked the standard vision camera reference well for changes in perfusion. Linear regression models showed R2 = 0.956

Figure 2. Temporal speckle contrast of linear flow in a flow phantom

Temporal speckle contrast of linear flow in a flow phantom (1% intralipid emulsion flowing through 0.75 mmdiameter channels in a bed of 5.5% agarose [w/v] and

0.5% intralipid [v/v]).

(A) Schematic of the flow phantom with inlet (1), agarose bed with embedded channels (2) and a fluid collection reservoir (3).

(B) Line profile of computed temporal contrast (25 frames kernel, pixel-intensity-normalized) across a channel embedded in the gel bed. Comparison between

captures of the chip-on-tip and the standard vision reference camera.

(C) Flow speed dependence of temporal speckle contrast measured by both cameras.

(D) Correlation of the speckle values (in B) captured by both cameras: a linear correlation model yields R2 = 0.958.
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correlation for measurements on the flow phantom and 98% for the altered perfusion in the finger. We identified two main factors leading to

the lower absolute contrast levels of chip-on-tip: sensor quality and limitations in imaging optics. As for noise, it affected the chip-on-tip cam-

era more than the standard vision camera reference. Experimentally measured 50.75 e� of temporal dark noise contributed 7.63more to the

signal (relative to grayscale value or digital number [DN]) than the 5.11 e� of the reference camera (where e� represent a photon generated

electron as per European Machine Vision Association standard 4.0). In addition to the higher noise levels, the light-to-signal conversion was

less efficient with a 24%quantumefficiency compared to 35% (both values derived fromquantumefficiency vs. wavelength curves providedby

manufacturers and therefore wavelength adjusted for 785 nm). As for limitations in imaging optics, the chip-on-tip camera relied on an inte-

grated lens which locked the imaging specification. The reference camera, however, could be paired with a lens suitable for speckle imaging.

Therefore, the ration of the minimally resolvable speckle size and the pixel size was much lower for the chip-on-tip with 1.54 compared to the

13.04 of the reference camera, leading to imaging of less developed speckle patterns.

Our objective was to validate the extent of camera miniaturization that is possible (and commercially available) while still being able to

conduct robust LSCI. In doing so we evaluated a chip-on-tip CMOS camera and fiber-coupled laser illumination for in vivo perfusion imaging

demonstrating its future ability to be developed into an integrated endoscopic LSCI system.We developed a test rig for the 1mm2 chip-on-tip

camera, a 785 nm SM-laser and the standard vision reference camera (G3) and conducted a series of flow phantom and in vivo tests. Mea-

surements on a calibration target yielded reference values of spatial contrast for static condition and omnidirectional Brownian motion.

The obtained range allowed for conversion of spatial speckle contrast into standardized PU, a measure which was used to quantify perfusion

changes during a study of induced changesmeasured on the fingertip: during restriction by inflating a pressure cuff placed around the upper

arm, and after warming the hand in a heated water bath. Through the application of a protocol and simultaneous imaging with the reference

and chip-on-tip camera, we demonstrated that the chip-on-tip camera was able to accurately capture changes in perfusion. The chip-on-tip

based system demonstrated that it could detect pronounced changes, i.e., baseline condition vs. maximum blood flow restriction, moreover

the chip-on-tip camera was sensitive enough to measure perfusion changes as occlusion pressure increased, and the rapid changes in perfu-

sion in response to change in temperature over 1–2min time period. No significant difference was found formeasurements by the 1mm2 chip-

on-tip camera compared to the higher quality standard vision reference camera.

Temporal vs. spatial contrast imaging

The results presented highlight the system’s capability of capturing physiological blood flow changes in vivo with either spatial or temporal

contrast imaging. For tracking fast changes like hyperemia, and for measurements involving area-averaging of major parts of the images,

spatial contrast is the preferable method. Our results support that temporal contrast is the better processing method for a spatial

Figure 3. In vivo laser speckle imaging of placental perfusion using a chip on tip camera

Comparison of vascular/perfusion mapping in the reference camera (top) and chip-on-tip camera (bottom) of mice fetus with the custom LSCI setup under basal

and ligated conditions. Imaging of perfusion of two pups, each in the amnionic membrane with its placenta (area of the black box). Imaging of baseline condition

and during ligation of one of the supplying arteries (arrow in DC image). Ligation shows a general reduction of perfusion. Also visible with LSCI is blood flow in the

larger blood vessels (top of scan images).
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characterization of perfusion and for microvascular mapping. Though the main characteristics were also distinguishable for spatial contrast

computation with chip-on-tip, the reduction in number of independent pixels limited the level of detail of such maps. Temporal contrast im-

aging on the other hand, as demonstrated on imaging fetus in utero, provided spatial information at the expense of temporal resolution due

to tracking each pixel’s intensity fluctuation across 25 consecutive frames (1) and condensing them to one perfusion map.

For assessment of temporal contrast imaging, we conducted two separate experiments. For measuring the flux dependence of linear flow,

a flow phantom was developed based on wall-less channels set in an agarose bed. Values captured with chip-on-tip showed an exponential

decay in contrast for increasing flow speeds (for 0.1–10 mm/s flow), as did the contrast measured by the reference camera. The result is in

agreement with experiments by others17 and predictions.34,35 The chip-on-tip recorded contrast value for 1 mm/s flow was higher than ex-

pected which could be attributed to the uncertainty related to the generally low contrast levels. Absolute temporal contrast was between

0.052 and 0.065 for the chip-on-tip camera. As for all experiments presented here, the flow phantom measurements were recorded on the

Figure 4. Perfusion of human fingertip using a chip on tip camera

A protocol of physiological blood flow changes captured with speckle contrast imaging in a study of 13 healthy (non-smoking and no known chronic diseases)

subjects, imaged with the chip-on-tip camera (AMS) and a secondary reference camera (FLIR).

(A): Representative spatial speckle contrast scans from reference camera (top) and chip-on-tip camera (Bottom, NanEye), under increasing forearm cuff

constriction. The underlying monochromatic (DC) imaging (coloring post-processed) and the development during gradual arterial occlusion.

(B): Consolidated blood flow changes (calculated from spatial speckle contrast) in the finger (ROI indicated in A) of 13 subjects for the protocol of restriction,

recovery, and temperature stimulation. Mean +/� SEM.
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test-rig with a similar optical arrangement. This meant that the imaging optics and especially the resolution at target of 90 mm for chip-on-tip

and 21 mm for the reference camera was tuned for producing detailed in vivo perfusion maps of the fingertip and the murine placenta in vivo.

The large size of the target did not adversely affect the calibration tests. However, the flow phantommeasurements revealed the limits of the

imaging optics. Due to the small diameter of the flow channels (0.75mm) a clear, sharp, separation of the flow area and the static agarose bed

was not achieved. The cross-sectional line profiles (Figure 2A) showed a gradual decrease in temporal contrast with minimum values in the

center of the channel. Beside the limitation in imaging resolution, the flow phantom images also question the choice of gel bed composition.

Previous LSCI studies used a 1% intralipid emulsion for the infused fluid. For the substrate, however, others used PDMS (polydimethylsiloxane)

with titanium dioxide seeding,17,36 which seems to yield better separation of flow and background areas. In order to provide flexibility in the

flow phantom characteristics such as channel diameter, depth below the gel surface and distance between the channels, we developed our

own phantom design, following the approach of an agarose bed described previously.10 Figure S1 shows an engineering drawing of the cali-

bration kit to clarify dimensions.

Advancing LSCI into flexible endoscopy

While laser Doppler imaging is firmly embedded in burn wound assessment8 and laser speckle imaging has been effective in breast recon-

structive surgery,4 the LSCI endoscopy applications are currently confined to pre-clinical research. However, the existing advantages of laser

Doppler and LSCI in clinical practice are very encouraging. In burn wound assessment laser Doppler imaging can point to areas which need

further treatment, or in words of recent UK NICE report8:’’ to guide treatment decisions for patients in whom there is uncertainty about the

depth and healing potential of burn wounds that have been assessed by experienced clinicians’’. Intraoperative tissue perfusion measure-

ment using LSCI in breast reconstructive surgery has been proven to be promising in several clinical studies.4,37 Laser Doppler and LSCI

are both label free and therefore do not impose logistical constraints that fluorescence-based techniques such as indo-cyanine green

(ICG) require (e.g., fluorescence label needs to be administered intravenously). In fact recent multi-centre clinical trial PILLAR III (perfusion

assessment in left-sided/low anterior resection)38 concluded that ‘‘the addition of routine indocyanine green fluoroscopy to standard practice

adds no evident clinical benefit’’. The scope of present work is to evaluate chip-on-tip camera in endoscopic context and encourage future

applications in flexible endoscopy. The next steps will be to integrate a full endoscopic housing with fiber-coupled laser and chip-on-tip

CMOS sensor such as the one shown in the Figure S2.

One of our main goals has been in determining whether the chip-on-tip CMOS camera technologies are adequate for LSCI. NanEye was

introduced in 2011 and as mentioned previously, it is surprising neither this nor newer cameras have been evaluated for LSCI. CMOS sensors

applied in smartphones and machine vision have found wide use in low light imaging such as night-time closed-circuit TV (CCTV)39 and

advanced fluorescence microscopy.40 The major issues with off-the shelf cameras are: (1) chip-on-tip cameras are predominantly RGB

(red, green, and blue wavelengths) CMOS sensors with NIR (near infrared) blocked (hence standard clinical 785 nm LSCI cannot be done);

(2) miniaturization compromises the number of pixels available, and (3) greater noise due to limited space for circuitry and thermal

management.

Figure 5. Bland-Altman of the chip-on-tip and reference camera during finger occlusion protocol

Relative blood flow read (spatial contrast converted to perfusion units and baseline-normalized) of themachine vision reference camera and the chip-on-tip micro

camera on the fingertip during arterial occlusion, relaxation, and temperature stimulation.
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It is encouraging that recent chip-on-tip CMOS sensors are improving rapidly. The chip-on-tip family has been upgraded recently41 and

has more pixels (from 250 3 250 to 3203 320) with significantly improved noise performance (from 20 e� temporal dark noise to 6 e�). One

important aspect, often overlooked, is the optics performance of the endoscopic lens which defines the working distance, NA, f-number and

spatial resolution. The lens in the endoscope can be a separate lens in front of the CMOS sensor with free space in between which is harder to

miniaturize and align optically, but designer can optically optimize lens performance for speckle imaging. Parameters such as the speckle size

to pixel size ratio to meet the Nyquist sampling criterion of at least 2:1. Alternatively, optics could be integrated on wafer-level lenses which

make it intrinsically linked to CMOS electronic sensor and easier to ensure optical alignment and miniature profile. Mass manufacturing of

plastic wafer-level lenses combine quality and low cost for large depth-of-field and improved spatial resolution.42,43 Overall, the capability

of the sensors have significantly advanced since early flexible endoscopes incorporated CCD (charge-coupled device) image sensor44–46

to the smallest �0.5 mm sensor recently manufactured.47

Limitations of the study

Our study only focused on one chip-on-tip camera as a proof of principle study. Other chip-on-tip cameras could have been compared.

The current study has demonstrated the feasibility of a chip-on-tip camera to image wide-field perfusion map; however, the translation of

the findings to provide a specific tool in clinical endoscopic use requires integration into an endoscope. The integration into a flexible endo-

scope would require alignment of the optic chip-on-tip camera with the light source. Future pre-clinical studies would need to be evaluated

alongside the current technology in use ‘‘indocyanine green fluoroscopy’’.

In summary, we demonstrated that coupling a 1mm2 chip-on-tip camera could achieve accurate perfusion maps by LSCI. This demon-

strated the ability in which a chip-on-tip camera can assess comparable LSCI while being�1000-times smaller is to a higher quality reference

camera (GS3) and was not limited by the lower resolution (2493 250 pixels vs. 20483 1536 pixels) or higher temporal dark noise (50.75 e� vs.

5.11 e�) in the chip-on-tip vs. reference camera, respectively. Moreover, the chip-on-tip was accurate in rapidlymeasuring changes in fingertip

perfusion and could confidently measure stepwise decrease in perfusion due to foreman occlusion and slight changes in perfusion attributed

to changes in finger temperature. Likewise, the ability of the chip-on-tip camera to provide real time perfusion maps of murine fetus in utero

demonstrates the potential for translation of this technology for pre-clinical research and clinical settings. Imaging both placenta perfusion

and vascular blood flow at a working distance of �13 mm shows that it is achievable for integration into a flexible endoscope.
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METHOD DETAILS

Laser speckle contrast imaging system

The imaging system was designed and built for the assessment of miniaturized LSCI hardware based on the chip-on- tip camera NanEye

(NE2D_B&W_FOV90F2.7_2m, AMS, Austria) and fiber- coupled laser illumination (Figure 1A). The setup allowed positioning of the small

13 1mm footprint NanEye camera (Figure 1B), adjustability of the camera-object distance and optimized laser light illumination. A secondary

standard machine vision reference camera (GS3-U3-32S4M-C, Teledyne FLIR, USA) was incorporate into the set-up for reference imaging of

the laser speckle pattern. The camera specifications of the two cameras are compared in Table 1.

A fiber-coupled, Volume-Holographic-Grating- (VHG) stabilized, 785 nm laser (LP785-SAV50, Thorlabs Ltd, UK) was chosen for illumination

due to suitable coherence stability which had previously been validated for LSCI application.31 After exiting the single mode fiber connected

to the laser diode, the near-infrared light passed through a linear polarizer (LPNIRE100-B, Thorlabs, UK) and then directed by a mirror (BB1-

E02P, Thorlabs, UK) onto the target. The backscattered portion of light passed through a second, orthogonally aligned polarizer (LPNIRE2X2,

Thorlabs, UK) before entering the chip-on-tip camera. Similarly, the capture of the reference camera was also cross-polarized (LPNIRE100-B,

Thorlabs, UK) and used a mirror (BB1-E02P, Thorlabs, UK) to adjust alignment. Figure 1 and Table 1 list the key components and their

properties.

The laser diode driver was a CLD1010LP laser controller (Thorlabs Ltd, UK). Peak optical power output was limited to 4.9 mW (measured

after the first polarizer) by a variable optical attenuator (VOA 1064-APC, Thorlabs Ltd, UK). To ensure laser safety and to eliminate ambient

light from interferingwith the laser speckle pattern, the LSCI setupwas enclosed in a blacked-out box with a curtain for manual access. Amold

ensured accurate positioning and tissue stability for the fingertip measurements.

The chip-on-tip camerawas positioned at optimal focal distance of 13mm from the target and imaged via an integrated lens (f/# = 2.7) with

a 90� FOV. The reference camera was placed at 350 mm distance and combined with a 50 mm fixed focal length lens (MVL50M23, Thorlabs

Ltd, UK). Both cameras captured at 40 fps with 25 ms exposure time. The chip-on-tip camera had the gain setting set to 6.5dB and offset

setting set to 2 for all experiments. The gain and offset are manufacturer specific camera settings directly regulating the CMOS sensor’s

analog-to-digital converters gain and offset. For each step of the fingertip vasculature protocol, a series of 100 raw images were recorded.

Equally we recorded 100 frames for each flow speed for the flow phantommeasurements. Proprietary control software was used for the refer-

ence camera (PointGrey Research, FlyCap 2.13.3.61); a custom MATLAB (R2018a, Mathworks, UK) interface was developed for chip-on-tip.

This allowed the recording of sequences of raw image data for each camera, at 5s intervals.

Speckle contrast imaging

Imaging of vascular activity by LSCI techniques relies on spatial and temporal statistical characterization of laser speckles.When coherent light

backscatters off a diffusing surface, it forms a random interference pattern called laser speckles. Moving objects, such as red blood cells in

tissue, cause fluctuations and blurring of the pattern within a set exposure duration. Goodman’s work linked the variance of a time-averaged

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

C57/BL6 Charles River

Software and algorithms

Matlab Educational (R2023a), Mathworks, UK R version 3.5.3, www.r-project.org V5
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dynamic speckle pattern and the temporal fluctuation statistics.48,49 Fercher and Briers then applied the principle for blood flow imaging in

single exposure photography.3 Nowadays, the speckle pattern ismostly captured by imaging sensors, i.e. an array of pixelsmeasuring repeat-

edly the intensity of backscattered light. Speckle contrast, K, was defined as the quotient of the standard deviation (s) of the recorded inten-

sities and the average intensity (I):

K = s = CID: (Equation 2)

For spatial processing, a single image was analyzed by calculating speckle contrast for a small cluster of pixels (5 3 5). For temporal

contrast imaging, the intensity fluctuation of each pixel was analyzed for a sequence of 100 frames.

Image processing

Images captured by the chip-on-tip camera and the standard vision reference camera and were post-processed and calculated perfusion

maps were developed using a customMATLAB script. Spatial speckle contrast was determined framewise for a 53 5 pixel stepping window,

hence reducing the spatial resolution of the resulting perfusion map. Temporal speckle contrast on the other hand was determined by a

25-frame sliding kernel, thus quantifying the temporal intensity fluctuation of each pixel. Both speckle contrast calculation methods were

used for the image data of both cameras. The perfusion maps calculated from 100 intensity images were time-averaged.

Static device validation and calibration

A commercialmotility reference (based on Brownianmotion andmanufactured byMoor Instruments Ltd, UK) was used to calibrate the resolv-

able speckle contrast range for the chip-on-tip LSCI setup. The calibration consisted of two vials, one for static contrast reference and the

second vial as amotility standard as it was filled with an aqueous suspension of monodisperse polystyrenemicrospheres. A custom-designed,

3D-printed holder positioned the two vials at 13mm imaging distance for theChip-on-tip camera. The calibration kit defined the conversion of

speckle contrast to arbitrary perfusion units (PU), with the reflector vial provided a zero reference and the motility vial set at 500 PU.

Optimum speckle contrast was achieved by measurement assessments over a range of settings, varying target distance (8, 10 mm, 12mm,

20 mm), laser illumination power (1 mW, 3 mW, 5 mW), exposure time (5 ms, 15 ms, 25 ms) and chip-on-tip gain (1dB, 2.4dB, 6.5dB). The po-

sition of the reference camera was kept constant at 350mmdistance, the exposure time and the illumination power were varied equally to the

chip-on-tip. For the chip-on-tip, a 503 50 pixel area was chosen in the center region of each vial to determine spatial contrast. The ROIs were

area-matched on the reference camera images (equal to 1503 150 pixel windows). Spatial contrast was computed for both cameras using a

5 3 5 pixel kernel and averaging 100 contrast maps.

Linear flow – dynamic assessment

Measurements were conducted on a flow phantom to test the LSCI system’s capability of detecting linear flow, and to assess temporal

contrast capture. The phantom was based on a design previously described10 for wall-less channels in a gel bed. A mold was designed

and 3D-printed featuring inlet ports in the front wall and outlet ports in the back wall. For the channel creation Nylon wires were tensioned

between the ports and a 5.5% (w/v) agarose bed with 0.5% (v/v) intralipid seeding was poured into the mold. After curing the bed, the wires

were removed through the inlet ports, creating straight, wall-less channels. We used 0.75 mm channels positioned 1mm below the bed sur-

face. A 1% (v/v) intralipid emulsion was infused through 1.1mm hypodermic needles with needle tip embedded in the gel. Each channel was

individually supplied and controlled by a separate syringe pump (70-2001 Harvard Apparatus, US). Figure 2 displays the flow phantom setup.

Speckle contrast was imaged for 0.1, 0.5, 1, 5 and 10 mm/s flow speeds. For each condition 50 frames were capture at 25ms exposure by the

chip-on-tip and the reference camera. Laser illumination was set to 3mW output power and cross-polarized. Chip-on-tip was positioned at

13 mm distance to the agarose bed (the reference camera was positioned at z350mm distance as described in section 2.1). Temporal

contrast was computed from 25 frames for an ROI of 100 x 30 pixels (including the channel) for chip-on-tip camera, and 200 x 50 pixels for

the reference camera. The perfusion data of 50 intensity images was averaged.

In vivo blood flow imaging – human vasculature of the fingertip

An in vivo study to image vasculature in the fingertip of human volunteers (or subjects) was approved by the ethics research committee of the

School of Medicine at the University of Dundee, Scotland, and informed consent was obtained (SMED REC Number 21/ 66). 13 healthy (non-

smoking and no known chronic diseases) subjects (7 males, 6 females) were recruited within an age range of 20-60.

The objective of this study was the assessment of the chip-on-tip LSCI hardware measuring physiological blood flow changes. A protocol

previously described by others17,50 was adapted to measure changes in fingertip perfusion induced by pressure cuff on the upper arm, see

Table 2. All subjects were in a seated position and allowed to acclimatize for at least 10minutes before readings took place. The subject’s ring

or middle finger was carefully placed under the imaging setup with the nailfold facing upwards, i.e. towards the cameras. The subject’s arm

and handwere supported to ensuremaximum comfort so the subject would notmove the finger during imaging. For each protocol step, both

cameras imaged the fingertip for 2.5 s. Measurements were always taken of the same finger for each person, either the middle or the ring

finger. A finger was chosen to minimise positioning and movement of the imaging system between subjects. Blood flow is unlikely to be

dramatically different between two fingers and all measurements in this study are relative blood flow response measurements. The ambient

temperature of the experimental room was maintained at 21 G 2�C.
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Four sets of baseline scans were recorded before a pressure cuff on the subject’s upper arm was inflated consecutively to 60 mmHg,

120 mmHg and 180 mmHg occlusion pressure. For each level the pressure was held for 30 s before acquiring the image data. After the

maximum occlusion, pressure was released. Five sets of measurements were taken within the first minute of the occlusion release by chip-

on-tip camera to capture hyperemia. Following 10 min of recovery, the perfusion level was measured. The upper arm pressure cuff was

then inflated directly to 180 mmHg and held for 90 s with subsequent measurement. Pressure was then released, and recovery perfusion

measured after 10 min. (Also, hyperemia was captured by the reference camera). In a last stage the subject’s entire hand was immersed

into a water bath with the temperature at 42�CG 2�C. After 5min the hand was taken out of the water, quickly dried to remove any reflecting

water, and then scanned. Three measurements were taken after heating with 1 min between the scans. Recordings of the reference camera

were conducted following the chip-on-tip captures for all conditions within a 5 sec time window.

In vivo blood flow imaging – murine pregnancy

To test imaging in vivo vasculature imaging, we imaged placental, fetal and uterine blood flow in pregnant C57BI6 mice. Animal studies car-

ried out in this study were approved and regulated by UK Government Home Office in accordance with the ‘‘Guidance on the operation of

Animals’ (Scientific Procedures) Act, 1986, in agreement with University of Dundee institutional guidelines and regulations for ethical animal

use and care. The uterus of sedated (isoflurane) pregnant mice was exposed on day 17.5 of gestation, containingmultiple fetus and placenta.

Each amniotic sac contains a fetus and placenta surrounded by amnionic fluid. The maternal vasculature of the maternal horn is connected to

the fetus via the placenta. Two amniotic sacs were individually placed under the micro camera of the LSCI set-up. The camera-to-object dis-

tance was 10 mm. A surgical vascular clamp was used to transiently ligate the maternal arteries in the uterine horn supplying the individual

exposed placenta.We captured laser speckle contrast prior to the constriction and 30 seconds into ligation. Sets of 100 images at 25ms expo-

surewere acquired for each condition. The LSCI imagingwas performedunder 785 nm illumination at 4.9mW.At the end of the procedure the

mice were euthanized.
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