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Abstract

:

Xerostomia (severe dry mouth) is a debilitating and often permanent side effect experienced by head and neck cancer patients due to radiation injury to salivary glands. In this study, we evaluated the potential of ultrasound (US)-guided photoacoustic imaging (PAI) to non-invasively assess early changes in salivary gland hemodynamics following radiation therapy (RT). US-guided PAI was performed in New Zealand white rabbits to visualize and quantify the hemoglobin concentration (HbT) and oxygen saturation (%sO2) of parotid glands before and after RT. The imaging findings were validated with histology and sialometry. An early increase in parotid gland HbT and %sO2 was seen following RT. Consistent with the PAI observations, histology of salivary glands revealed dilated blood vessels, along with hemorrhaging and fibrosis. Sialometric analysis confirmed a significant reduction in stimulated saliva secretion in irradiated rabbits compared to controls. Collectively, our findings demonstrate the translational utility of US-guided PAI as a valuable tool for label-free functional imaging of salivary gland hemodynamics in vivo.
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1. Introduction


The importance of salivary secretion in the maintenance of oral and systemic health is well recognized [1]. In head and neck cancer patients, salivary gland dysfunction is a common and often permanent side effect due to radiation injury to the glands and is associated with a subjective sensation of dry mouth (xerostomia) and an objective reduction in saliva secretion [2]. As a consequence, patients experience a marked reduction in their quality of life due to compromised speech, eating and swallowing function. Additionally, radiation-induced xerostomia (RIX) increases patients’ susceptibility to oral infection and dental caries [2,3].



A consistent body of research in experimental models has implicated vascular injury to the salivary glands as a major contributor to RIX [3,4,5]. These experimental studies have typically utilized immunohistochemical markers of vascularity (e.g., CD31) to assess the vascular changes in salivary glands following radiation therapy [6,7]. Furthermore, a majority of these investigations have been conducted using the laboratory mouse (mus musculus) to understand the radiobiology of salivary glands [3,4,5,6]. Although mouse models are useful, differences in anatomy, histology and physiology between murine and human salivary glands can limit the extrapolation of findings [7,8]. The development and application of non-invasive functional imaging methods to monitor salivary gland injury in a clinically relevant large animal model could overcome these limitations, provide mechanistic insight, and potentially enable early detection of salivary gland dysfunction.



In this regard, the New Zealand white (NZW) rabbit has been previously utilized as a translational model to examine salivary gland biology and function [9,10]. Scintigraphic studies have been conducted in NZW rabbits to assess radiation-induced salivary gland injury and to evaluate the efficacy of radioprotective agents such as lidocaine [11,12]. Although conventional scintigraphy provides quantitative estimates of gland function, it is invasive and requires the use of radioisotopes. To overcome these limitations, we have been examining the potential of ultrasound (US)-guided photoacoustic imaging (PAI) for combined structural and functional imaging of radiation-induced salivary gland injury. While US relies on differences in acoustic impedance between tissues [13], PAI exploits the optical absorption characteristics of endogenous chromophores such as hemoglobin (Hb) to provide quantitative measures of the hemoglobin concentration (HbT) and oxygen saturation (%sO2) [14,15]. Our studies in murine models have validated US-PAI measures of salivary gland hemodynamics with histology and demonstrated the strong correlation between a vascular response to parasympathetic stimulation or blockade and saliva secretion [16,17]. Recently, we have also examined the ability of US-PAI to monitor the early and late vascular response of murine salivary glands to radiation [18]. However, to the best of our knowledge, the safety and performance of US-PAI for evaluation of salivary gland hemodynamics in rabbits has not been evaluated. To address this gap in knowledge, we conducted experimental imaging studies in NZW rabbits to assess changes in parotid gland hemodynamics following radiation. The parotid gland was chosen, as it is most commonly affected by radiation in head and neck cancer patients. Imaging findings were validated with histology and sialometry.




2. Materials and Methods


2.1. Rabbits


Adult male, specific-pathogen free, New Zealand White (NZW) rabbits ranging from 1.5 to 2 kg were purchased from Charles River Corporation (Saint Constant, QC, Canada). Rabbits were fed high-fiber diet (Rabbit diet # 2031; Harlan Teklad, KY, USA) and purified water and were housed in individual stainless-steel cages containing noncontact bedding under 12 h light and dark cycles. Environmental enrichment in the form of manipulanda was provided (Bio-Serv, Flemington, NY, USA).




2.2. Radiation Procedure


Rabbits were anesthetized using 2% isoflurane via inhalation through a mask. Radiation was delivered to the parotid glands (using two opposing lateral fields) using an orthovoltage X-ray unit (Philips RT 250 Philips Medical Systems, Andover, MA, USA) equipped with an aluminum filter running at 250 kV/17.7 mA. The dose rate of the unit at these settings was ~0.68 Gy/min. Animals were monitored with a closed-circuit TV during irradiation and observed after completion of treatment to ensure full recovery.




2.3. Ultrasound with Co-Registered Photoacoustic Imaging


Ultrasound (US) with co-registered photoacoustic imaging (PAI) of the rabbit parotid glands was performed using a commercially available 21 MHz linear array transducer system (Vevo LAZR; Fujifilm Visual Sonics Inc., Toronto, ON, Canada). The system consists of a tunable NIR Nd: YAG laser connected to a 256-element fiber-optic linear array hybrid US transducer. Three-dimensional B-mode US images were acquired to calculate gland volume and used to guide PAI acquisition. PA datasets were acquired for a single central slice of the gland using the following parameters: transducer: LZ-250, frequency: 21 MHz, wavelength: 750/850 nm, acquisition mode: OxyHemo; HbT threshold 20%. Animals were monitored closely during the imaging procedure and following completion of imaging until recovery. Imaging datasets were processed offline using the Vevo LAB software using a dedicated workstation. Parametric maps of HbT and %sO2 were reconstructed using the built-in algorithm based on the two-wavelength approach [16]. US-based estimates of gland volume and PAI-based relative estimates of HbT, %sO2 tot (representing average oxygen saturation values for all pixels within the salivary gland region of interest (ROI), are reported.




2.4. Sialometry


Saliva production was quantified following stimulation with the parasympathetic agonist pilocarpine (1 mg/kg) over a 7 min period. Saliva was collected every 2 min for 7 min by placing a pre-weighed strip of filter paper into the oral cavity for 90 s and then removing the paper to be re-weighed.




2.5. Histopathology


Salivary glands were collected from control and irradiated rabbits and placed in zinc fixative. Glass slides containing hematoxylin and eosin (H&E)-stained sections were scanned and digitized using the ScanScopeXT system (Aperio Technologies, Vista, CA, USA).




2.6. Statistics


All statistical analysis and graphical display of data were performed using GraphPad Prism (GraphPad Software, Version 9.00 for Windows, San Diego, CA, USA). Two-way repeated measures ANOVA with multiple comparisons was performed to compare differences between control and irradiated glands (gland volume, PAI and sialometry). Correlation between US/PAI measurements and saliva secretion was examined using Pearson analysis. p-values of <0.05 were considered statistically significant.





3. Results


The design of our experimental study is shown in Figure 1. Naïve male NZW rabbits (control n = 3; RT n = 4) underwent US-guided PAI of the parotid glands at baseline and 1 week post radiation therapy (RT; 15 Gy). Changes in salivary gland volume (US) along with HbT/%sO2 (PAI) were obtained and validated using quantitative measures of saliva secretion following pilocarpine stimulation and ex-vivo histologic assessment of the glands. The experimental design for US-guided PAI is shown in Figure 1.



Anesthetized rabbits were placed on a heated platform for imaging, as shown in Figure 2 (left). The digital photographs presented in Figure 2 also illustrate the transducer position (left) and the imaging plane (middle). Given the superficial location of the glands, B-mode US allowed for adequate visualization of the parotid gland in rabbits (Figure 2, right).



We performed US-guided PAI to assess the hemodynamics of the parotid glands in rabbits at baseline and post RT. The panel of images shown in Figure 3 represent pseudocolorized parametric maps of HbT and %sO2 of parotid glands overlaid on the B-mode US images for rabbits in the control and irradiated rabbits at baseline (d0) and at 1 week post radiation (d8). Blue pixels represent areas of low HbT/%sO2 signal, while red pixels represent areas of high HbT/%sO2 signal within the gland. The parotid gland is outlined in white on the images.



As is evident from the HbT and sO2 maps, adequate PA signal was detected from the salivary glands of all rabbits at baseline. Qualitative visual examination of the HbT and oxy-sat maps did not reveal any difference in the gland hemodynamics of control rabbits between d0 and d8. In comparison, a marked increase in the HbT and oxy-sat signal was seen in the parotid gland of irradiated rabbits on d8, suggestive of radiation-induced disruption of the gland vasculature.



The parotid gland volumes (US) and HbT/%sO2 (PAI) were calculated from the images. As shown in Figure 4, three-dimensional B-mode US revealed a significant reduction in the parotid gland volume in irradiated rabbits compared to controls on Day 8 (p < 0.001), which is consistent with clinical observations reported in head and neck cancer patients. The relative estimates of HbT (Figure 4B) confirmed our visual assessment and revealed a significant increase (p < 0.05) in the parotid gland HbT of irradiated animals compared to controls on Day 8. The relative estimates of %sO2 were calculated from the PA images. Specifically, %sO2 tot reports the oxygen saturation values of all pixels within the parotid gland ROI and is reflective of the oxygenation status of the whole gland. Consistent with the increased HbT, we observed a significant increase in %sO2 tot values on Day 8, suggestive of vasodilation or pooling of blood within the glands following RT (Figure 4C).



To assess the impact of radiation-induced vascular damage on gland function, we measured the stimulated salivary secretion levels in the control and irradiated rabbits using the parasympathetic agonist, pilocarpine. At baseline (Day 0), the temporal curves of saliva volume revealed comparable saliva production by rabbits in both arms in response to pilocarpine stimulation (Figure 4D). In comparison, a significant reduction in saliva volume was observed in the irradiated animals on Day 8 compared to controls (Figure 4E). Ex vivo histologic assessment was also performed on excised glands on Day 8 to validate the US-PAI observations. As shown in Figure 4F, hematoxylin and eosin (H&E)-stained sections of irradiated rabbits provided evidence of acinar atrophy (white arrow) and a reduction in zymogen granules in irradiated parotid glands. Consistent with our HbT and sO2 maps and quantitative measurements, the H&E sections revealed the presence of vasodilation, congestion, hemorrhaging (green arrow), and fibrosis (yellow arrow) in response to RT.



Finally, we examined the correlation between gland volume, HbT, %sO2 and saliva secretion (Figure 5). Pooled analysis of the data from control and irradiated rabbits at both time points revealed a negative correlation between gland volume–HbT (Figure 5A) and gland volume–%sO2 (Figure 5B). This relationship between gland volume–HbT (Pearson r = −0.82; p = 0.01) and gland volume–%sO2 (Pearson r = −0.89; p = 0.002) was maintained when considering irradiated rabbits alone at both timepoints. No correlation was seen between the gland volume and PAI indices in the control rabbits (p > 0.05). A positive correlation was seen between HbT and %sO2 values (Pearson r = 0.85; p < 0.0001) in all rabbits (Figure 5C).



A comparative evaluation of the PAI data to sialometry in the control rabbits did not reveal any association between gland volume and stimulated saliva secretion (p > 0.05). In comparison, a positive correlation was seen between parotid gland HbT and saliva secretion in the control rabbits (Pearson r = 0.92; p = 0.007). A pooled analysis showed a positive correlation (Pearson r = 0.76; p = 0.001) between saliva secretion–gland volume (Figure 5D) and a negative correlation between saliva secretion–HbT (Pearson r = −0.52; p = 0.05, Figure 5E) and saliva secretion–%sO2 (Pearson r = −0.59; p = 0.02, Figure 5F). The negative correlation between saliva secretion–%sO2 was stronger when considering irradiated rabbits alone (Pearson r = −0.76; p = 0.02).




4. Discussion


We have recently demonstrated the potential of PAI to non-invasively monitor radiation injury in murine models [18]. Building on our previous work, in the present study, we assessed acute changes in parotid gland hemodynamics (HbT/sO2) following radiation treatment in rabbits. Our rationale for investigating the utility of PAI in rabbits is multi-fold. First, the anatomy of the rabbit salivary glands is similar to humans, unlike that of mice, in which the glands form a complex. Second, the rabbit model allows us to replicate the radiation therapy workflow that is typically used in the clinical setting. And finally, given that the imaging depth in PAI is limited by light attenuation, an evaluation of the performance of PAI in a clinically relevant large animal model would allow us to better assess its potential clinical utility.



Our study focused on understanding the radiation response of parotid glands, a major contributor to saliva secretion in humans. We performed PAI of the rabbit parotid glands under US guidance. Our previous studies in tissue-mimicking phantoms [19] and in vivo [20] studies have demonstrated that PAI can reliably detect hemodynamic parameters up to ~3 cm in tissue. Given the superficial location of the salivary glands (Figure 2), light penetration was not an issue, and an adequate PAI signal was detected in the parotid glands in all rabbits. No change in parotid gland hemodynamics (HbT/%sO2) was observed in control rabbits between the two imaging sessions (d0 and d8), highlighting the reliability of PAI. These results, along with our published studies in mice [16,17,18], confirm the ability of PAI to reliably measure salivary gland hemodynamics.



To date, a comparative assessment of the salivary gland radiation response between mice and rabbits has not been reported. In our previous study [18], immunocompetent mice exposed to a single high dose of radiation did not show any change in HbT or %sO2 at 1 week post RT. In comparison, we observed an increase in HbT and %sO2 at 1 week post RT in rabbits, which suggests that the kinetics of radiation-induced vascular injury may vary between rabbits and mice. However, it is important to recognize that several confounding variables, including differences in the physiology of mice and rabbits, pose a challenge in direct comparison of the two studies. In addition to the anatomic differences, the radiation dose tolerance and dose sensitivity of the salivary glands may likely vary between the two species.



Histologic analysis revealed hemorrhaging in the rabbit parotid glands post RT, validating our PAI findings. Sialometric assessment also confirmed a reduction in saliva secretion following radiation. We observed a positive correlation between saliva secretion and gland volume and a negative correlation between saliva secretion–HbT/%sO2. Although further investigation into the mechanisms of radiation-induced vascular injury are warranted, our observations are consistent with a previous clinical study [21]. Using Doppler US, Wu et al. demonstrated lower vascular velocity, resistive and pulsatility indices in post-RT parotid glands compared to healthy salivary glands [21].



We recognize the limitations of our study. These include a relatively small sample size, a cross-sectional assessment of the vascular response to RT and that only a single dose of RT was studied in naïve rabbits. Nevertheless, our results provide important proof-of-concept to highlight the translational utility of US-guided PAI as a valuable tool for visualization of the salivary gland anatomy and functional imaging of the vascularity and oxygenation without the need for radioisotopes or intravenous contrast agents. We are currently examining the potential of integrating PAI into a clinically relevant workflow of image-guided RT, developed by us [22]. We are also focused on validating PAI-based measures of tumor and salivary gland vascular response to RT with magnetic resonance imaging (MRI) in rabbits. We hope to report on our findings from these studies in the near future.
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Figure 1. Study design for US-PAI-based assessment of salivary gland hemodynamics in rabbits. Naïve male NZW rabbits underwent US-guided PAI of the parotid glands at baseline prior to radiation. Animals in the radiation arm received a single dose of 15 Gy to the parotid glands and follow-up imaging examination was performed 1 week post radiation. Imaging data was validated using sialometry and histology. 
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Figure 2. Experimental setup for US-PAI of parotid glands in rabbits. (Left) Digital photograph showing positioning of the anesthetized rabbit on a heated platform for imaging of the parotid glands. (Middle) Digital photograph illustrating transducer positioning and imaging plane. (Right) B-mode US image of the parotid gland in a NZW rabbit. The gland is outlined in yellow. The superficial location of the parotid gland enabled successful visualization of the glands with US-guided PAI. 
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Figure 3. PAI-based mapping of salivary gland hemodynamics in rabbits. The panel of images represents reconstructed HbT and sO2 maps of the parotid glands in control and irradiated rabbits at baseline (d0) and at 1 week post radiation (d8). Pseudocolorized PA images overlaid on the B-mode US images are shown. The parotid gland is outlined in white on the images. 
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Figure 4. Quantitative US-PAI analysis of radiation-induced salivary injury in rabbits. Box and whisker plots show US-based estimates of parotid gland volume (A), along with PAI-based relative estimates of gland HbT (B) and %sO2 (C) for rabbits in control and RT groups. (D,E) Temporal curves of saliva secretion before and after stimulation with pilocarpine on Day 0 (D) and Day 8 (E) in control and irradiated rabbits. (F) Hematoxylin and eosin-stained sections (H&E) of parotid glands from control and irradiated rabbits (20× magnification; scale bar 100 µm) on Day 8. * p < 0.05; ** p < 0.01; **** p < 0.0001. 
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Figure 5. Relationship between parotid gland volume, hemodynamics and saliva secretion. Correlation plots illustrate association between parotid gland volume–HbT (A), gland volume–%sO2 (B), HbT-%sO2 (C), saliva secretion–gland volume (D), saliva secretion–gland HbT (E), and saliva secretion–%sO2 (F) for all rabbits (control and irradiated) at both time points (d0 and d8). Saliva secretion measured at 3 min post pilocarpine stimulation was utilized. Control rabbits are shaded in blue, and irradiated rabbits are shaded in red. Pearson r values and p values are shown within each plot. 
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