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Abstract

Massive small bowel resection (SBR) results in villus angiogenesis and intestinal adaptation. The exact mechanism
that causes intestinal villus angiogenesis remains unknown. We hypothesize that hemodynamic changes within the
remnant bowel after SBR will trigger intestinal angiogenesis. To validate this, we used photoacoustic microscopy
(PAM) to image the microvascular system of the intestine in C57B6 mice and to measure blood flow and oxygen
saturation (sO,) of a supplying artery and vein. Baseline measurements were made 6 cm proximal to the ileal-cecal
junction (ICJ) prior to resection. A 50% proximal bowel resection was then performed, and measurements were
again recorded at the same location immediately, 1, 3 and 7 days following resection. The results show that arterial
and venous sO, were similar prior to SBR. Immediately following SBR, the arterial and venous sO, decreased by
14.3 £2.7% and 32.7 £ 6.6%, respectively, while the arterial and venous flow speed decreased by 62.9 + 17.3% and
60.0 £ 20.1%, respectively. Such significant decreases in sO, and blood flow indicate a hypoxic state after SBR.
Within one week after SBR, both sO, and blood flow speed had gradually recovered. By 7 days after SBR, arterial
and venous sO, had increased to 101.0 £ 2.9% and 82.7 + 7.3% of the baseline values, respectively, while arterial
and venous flow speed had increased to 106.0 £ 21.4% and 150.0 + 29.6% of the baseline values, respectively. Such
increases in sO, and blood flow may result from angiogenesis following SBR.

Keywords: photoacoustic microscopy, small bowel resection, oxygen saturation, blood flow, hypoxia,
angiogenesis

Introduction

Short bowel syndrome (SBS), a malabsorption disorder usually caused by the surgical removal of the small intestine,
is a high-risk condition within the pediatric patients. After a massive small bowel resection (SBR) in both animal
models and humans, a critical adaptation response occurs within the remnant bowel, including increased villus
height and crypt depth, and thus increased absorptive mucosal surface area, to compensate for the attenuated bowel
length [1-3]. As angiogenesis has long been observed as an important factor for cellular proliferation [4, 5], it has
also been demonstrated that villus angiogenesis contributes to intestinal adaptation after SBR [6-9]. However, the
exact stimulus for these proangiogenic changes as well as the acute alterations in intestinal hemodynamics following
SBR are presently unknown.
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Previous ex vivo studies of intestinal blood flow at late time points after SBR are not consistent and insufficient [10-
12]. An in vivo, real-time imaging modality with endogenous contrast is therefore needed to measure the
hemodynamic parameters within the remnant bowel both immediately and several days after bowel resection,
including blood flow speed, oxygen saturation of hemoglobin (sO,) and metabolic rate of oxygen (MRO,).
Photoacoustic microscopy (PAM), a non-invasive, label-free, high-resolution hybrid imaging modality, is a
promising tool for such measurements. PAM takes advantage of both rich optical absorption contrast and weak
ultrasonic scattering in biomedical tissue, and thus yields high-contrast images with relatively deep penetration [13].
By spectrally unmixing contributions from various endogenous or exogenous chromophores, PAM is capable of
anatomical, functional, molecular, flow dynamic and metabolic imaging [13-24]. With the help of PAM, a better
understanding of the acute hemodynamic changes following SBR may further elucidate a mechanism for villus
angiogenesis and the pathogenesis of intestinal adaptation.

Materials and methods
Experimental design

A protocol for this study was approved by the Washington University Animal Studies Committee (20090275) in
accordance with the National Institute of Health laboratory animal care and use guidelines. Male mice (C57BL/6;
Harlan Laboratories, Inc.; Indianapolis, IN) age 8 to 15 weeks were used in this study. Mice underwent either 50%
proximal SBR or sham (enterotomy alone) as previously reported [1]. Briefly, a midline laparotomy was made and
the bowel was exposed for photoacoustic measurements immediately, 1, 3 and 7 days after the operation. Mice that
underwent SBR had transection of the bowel at 6 cm proximal to the ICJ and at 1 to 2 cm distal to the ligament of
Treitz. The mesentery of the intervening bowel was ligated with a silk tie and the intervening bowel was removed.
In mice that underwent the sham procedure, the bowel was transected only at 6 cm proximal to the ICJ.

Double-illumination photoacoustic microscopy of intestinal sO, and blood flow

A newly developed double-illumination photoacoustic microscopy (DI-PAM) was used for this study in order to see
through the whole cross-section of the small bowel [25] (Fig. 1). The short laser pulses are reshaped by an iris
(ID25SS, Thorlabs) and attenuated by a neutral density filter (NDC-50C-2M, Thorlabs). The attenuated beam is then
split into two sub-beams (top and bottom) by a 50/50 beam splitter (BSW04, Thorlabs). The top beam is focused by
a condenser lens (LA1131, Thorlabs) before passing through a 25 pum pinhole (P50C, Thorlabs) for further spatial
filtering. The filtered beam is then focused by an optical objective (AC127-050-A, Thorlabs. NA: 0.1 in air) into the
sample from the top. A beam combiner composed of a thin layer of silicone oil sandwiched by a right-angle prism
(NT32-545, EdmundOptics) and a rthomboid prism (NT49-419, EdmundOptics) provides acoustic-optical coaxial
alignment. The resultant photoacoustic waves are detected by an ultrasonic transducer (V214-BB-RM, Olympus-
NDT) with a central frequency of 50 MHz. An acoustic lens with an NA of 0.5 is ground into the bottom of the
rhomboid prism to provide an acoustic focal diameter of 30 pm. An optical correction lens is attached to the top of
the beam combiner to correct the aberration of the glass prisms. The acoustic lens is submerged in a water-tank for
ultrasound coupling. The bottom beam duplicates the same path as the top beam, except that it is directly focused
into the sample from the bottom without going through the beam combiner and water tank. By carefully adjusting
the positions of two objectives, we achieved a co-axial configuration of the two optical foci and the acoustic focus.
To best expand the optical focal zone, the top and bottom optical foci are both approximately one Rayleigh range
apart from the acoustic focus.
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Figure 1. System schematic of double-illumination photoacoustic microscopy.

During the experiment, mice were anesthetized with isoflurane (E-Z Anesthesia, Euthanex) and placed in a supine
position on a heating pad (37 °C). A midline laparotomy was performed and the small bowel was exposed. The
terminal mesenteric artery and accompanying vein at a point approximately 6 cm proximal to the ICJ were identified.
Baseline sO, was measured at both locations on a 1 x 4 mm’ area containing such vessel pairs at two optical
wavelengths of 570 nm and 578 nm using a previous publish method [21]. Baseline blood flow speed measurement
was then performed at both locations across the proximal end of the vessel in M-mode using a bandwidth
broadening based method [19, 20]. The laser repetition rate was 8 kHz, and 3200 A-lines were acquired at each
position. The area of the bowel not being measured was kept moistened with a normal saline soaked gauze pad. The
animal then underwent SBR or sham procedure. Following the procedure, the same artery and vein pairs at 6 cm
proximal to the ICJ were imaged with sO, and blood flow measurements recorded. For the animals imaged 1, 3 and
7 days after the SBR or sham, there were no baseline measurements performed. Following all measurements the
animal was sacrificed via cervical dislocation. For each time point, a total of 7 mice underwent the SBR procedure
and 7 mice underwent the sham procedure. All the photoacoustic data processing was conducted using MATLAB
(R2008a, MathWorks). Quantitative values are presented as mean = SEM.

Results
Double-illumination PAM of small intestine

With the help of the extended imaging depth, the whole cross-section of the intestine was successfully imaged by
DI-PAM (Fig. 2) [25]. The results show that the dense vessels on the intestine wall would block the excitation light
penetrating through the top half [Fig. 2(A)] or bottom half [Fig. 2(B)] of the intestine under top or bottom
illumination, respectively. Only the double illumination provided the vasculature information from both halves [Fig.
2(C)1.
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Figure 2. PAM of small bowel intestine under (A) top illumination, (B) bottom illumination, (C) double-illumination,
respectively. The bottom row is the close-up of the dashed box in the top row.

Arterial and venous oxygen saturation

Prior to intervention, arterial and venous sO, of the terminal mesenteric artery and accompanying vein were similar.
This may indicate minimal to no tissue oxygen utilization of the supplied intestine, which suggests either a high
physiologic reserve in mice, and/or left-to-right shunting within the intestinal wall even with a metabolically active
state.

Immediately following SBR, the arterial oxygen saturation decreased (0.98 + 0.01 pre vs. 0.84 + 0.06 post-SBR).
This decrease in arterial oxygen saturation was also observed following sham (0.98 &+ 0.01 pre vs. 0.86 = 0.04 post-
sham) [Fig. 3(A)]. Venous oxygen saturation dramatically decreased immediately following SBR (0.98 = 0.02 pre vs
0.66 = 0.05 post-SBR) [Fig. 3(B)]. This decrease in venous oxygen saturation was also observed to a lesser degree
following sham (0.98 + 0.01 pre vs 0.86 + 0.02 post-sham). By one week after SBR, arterial and venous sO, had
increased to 101.0 = 2.9% and 82.7 + 7.3% of the baseline values, respectively. By one week after sham, arterial and
venous sO, had increased to 99.0 = 5.7% and 102.1 + 3.2% of the baseline values, respectively [Fig. 3(A-B)].
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Figure 3. The measured oxygen saturation of the artey (A) and vein (B) before and after SBR or sham operations.

Arterial and venous blood flow

Immediately following SBR, the arterial blood flow speed decreased (7.6 = 1.5 mm/s pre vs. 2.6 + 0.50 mm/s post-
SBR). This decrease in arterial flow speed was not observed following sham (7.6 = 1.5 mm/s pre vs. 7.7 = 0.60
mm/s post-sham) [Fig. 4(A)]. Venous flow speed decreased immediately following SBR (4.0 + 0.70 mm/s pre vs 1.6
+ 0.50 mm/s post-SBR). This decrease in venous flow speed was not observed following sham (4.0 = 0.70 mm/s pre
vs 4.0 + 0.45 mm/s post-sham) [Fig. 4(B)]. By one week after SBR, arterial and venous flow speed had increased to
106.0 + 21.4% and 150.0 = 29.6% of the baseline values, respectively. By one week after sham, arterial and venous
flow speed returned to the baseline values [Figs. 4(A-B)].
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Figure 4. The measured blood flow speed of the artey (A) and vein (B) before and after SBR or sham operations.

Conclusion and discussion

Immediately following SBR, hemodynamic changes occur consistent with a reduced oxygen delivery. Venous sO,
drops dramatically post-SBR. A less dramatic decrease in venous sO, also occurs post-sham, likely related to the
metabolic effects of transection alone. Further, both arterial and venous blood flow decreased post-SBR. Such
decrease in blood flow was not seen post-sham. The dramatic decrease of sO, and blood flow indicates a hypoxia
environment immediately following SBR. Hypoxia is a well-recognized trigger of angiogenesis, resulting in the
activation of hypoxia-inducible factors (HIF), responsible for transcriptional activation of genes.
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Seven days following the SBR, while the arterial sO, had recovered to the baseline, the venous sO, was still lower
than the baseline. This indicates an increase in the oxygen extraction fraction. In combining with the significantly
increased blood flow speed, it is safe to conclude that the metabolic rate of oxygen (MRO,) of the remnant bowel
was increased [15]. Such increase suggested a hypermetabolism induced by massive SBR. In contrast, there is no
increase in the MRO, following sham.

The present study demonstrates that PAM is a useful tool for measuring intestinal hemodynamics. The use of
hemoglobin as endogenous contrast eliminates the potential disturbance to the intestinal system induced by
exogenous contrast. In addition, the minimum invasiveness of PAM enables longitudinal studies on the same animal.
Through the use of photoacoustic microscopy, the duration and cellular effects of intestinal hypoxia and villus
angiogenesis can be further studied, which may help in the development of future therapeutic treatments for patients
with short bowel syndrome.
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