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ABSTRACT 29 

 30 
Sinus congestion resultant of allergic rhinosinusitis is associated with development and 31 

worsening of asthma and can result in difficulty breathing, headaches, and missed days of school 32 

and work. Quantification of sinus congestion is important in the understanding of allergic 33 

rhinosinusitis, and the development of new drugs for its treatment. Non-invasive micro-34 

computed tomography (CT) was investigated in a Guinea pig model of allergic rhinosinusitis to 35 

determine its utility to accurately determine the degree of sinus congestion and resolution with 36 

anti-inflammatory drug administration. Three-dimensional sinus airspace volume, 2-dimensional 37 

sinus width, sinus image airspace area, and sinus image sinus perimeter, were measured in 38 

Guinea pigs administered ragweed pollen (RWP), intranasally (i.n.), followed by administration 39 

of fluticasone, i.n. To determine their relative accuracy in assessing sinus congestion, the micro-40 

CT image results were compared with the “gold-standard” method of sinus fluid fill-volume 41 

(SFFV) measurements. As measured by SFFV method, RWP increased sinus congestion in a 42 

RWP concentration-dependent fashion, approaching near-total sinus blockage with 43 

concentrations ≥ 22 µg RWP. At this level of congestion, fluticasone (25-100 µg) progressively 44 

decreased sinus congestion in a concentration-dependent fashion. The non-invasive micro-CT 45 

methods were found to accurately determine the amount of sinus congestion and resolution, with 46 

patterns of increases and decreases of congestion that were nearly identical to the SFFV method. 47 

We conclude that non-invasive micro-CT measurements of allergic sinus congestion can be 48 

useful as an investigative tool in the assessment of congestion intensity and the development of 49 

new drug therapies for its treatment. 50 

 51 
Key Words: allergic sinus inflammation, guinea pig, microCT, ragweed pollen, rhinosinusitis 52 
 53 
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 55 

New and Noteworthy 56 

 Allergic rhinosinusitis afflicts significant portions of the world population, resulting in 57 

loss of work productivity and decreased quality of life. Thus, the development of methodologic 58 

approaches, which incorporate accurate and reproducible non-invasive assessments of sinus 59 

congestion are desirable. Micro-computed tomography of the guinea pig sinuses offers a non-60 

invasive evaluation tool in an animal model of IgE-dependent allergy similar to that in humans, 61 

with potential relevance toward development of therapeutics for human sinus diseases.  62 
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INTRODUCTION 63 

Allergic rhinosinusitis is one of the most common diseases of inflammation of the upper 64 

airways in humans; oftentimes, allergic rhinosinusitis also co-exists with, and exacerbates, 65 

asthma (5, 14, 30). Clinically, allergic rhinosinusitis is characterized by early phase symptoms 66 

such as sneezing, rhinorrhea, and lacrimation; whereas, late phase symptoms include sinus 67 

congestion and drainage, which can lead to headache, coughing, sore throat, and significant 68 

breathing difficulties (16, 50), with the increased airflow resistance due to reduction in sinus 69 

airway caliber. Specifically, histamine, stored primarily in mast cells, is known to play a primary 70 

role in the late-phase inflammatory reactions of allergic rhinosinusitis, which are IgE-dependent, 71 

and associated with asthma (1, 46, 47, 51).  Typical therapeutic treatments for allergic 72 

rhinosinusitis include antihistamines, inhaled nasal corticosteroids, and, in some cases, regular 73 

sinus washings (4, 24, 41). While effective to varying degrees, there are issues related to side-74 

effect profiles, inconvenience, and patient compliance that can limit the effectiveness of those 75 

therapeutic approaches. Thus, exploration of new sinus congestion assessment techniques and 76 

potential therapeutic agents in the study of allergic rhinosinusitis are desirable (22, 23). 77 

Quantitative assessment of sinus congestion in humans can be challenging due to the 78 

structure of the nasal sinuses, and the invasiveness required by a number of methods in obtaining 79 

reliable measurements (e.g., nasal endoscopy and biopsy). The development of a reliable animal 80 

model with translational relevance to human allergic rhinosinusitis is desirable to facilitate study 81 

of new therapeutic agents for potential development in humans.  While mouse models of allergic 82 

rhinosinusitis have been beneficial, they are associated with limitations of size and, most 83 

importantly, have serotonin as the major pre-formed mediator released from mast cells 84 

associated with the IgE-dependent allergic response (25, 26, 34). In contrast, Guinea pigs, which 85 
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also have been used for many years in studies of allergic airway inflammation (3, 6, 42), can 86 

represent a more relevant model of human allergic rhinosinusitis, due to having a primarily mast 87 

cell histamine-driven IgE allergic response (31, 49). 88 

Accordingly, the objective of the present study was to compare two non-invasive 89 

computed tomography image-based approaches of measuring sinus congestion (2D and 3D 90 

micro-CT assessments) with a method that utilizes direct quantitation of sinus congestion, based 91 

on a sinus fill fluid volume (SFFV) method adapted from prior published studies using fluid-92 

displacement in the Guinea pig (44). First, we quantified the magnitude and drug-dependent 93 

resolution of the sinus allergic response to ragweed pollen extract, with the SFFV method. These 94 

results were compared to 2-dimensional and 3-dimensional micro-computed axial tomography 95 

(micro-CT) methods, to determine the consistency of allergic and resolution effects, and the 96 

comparability of non-invasive imaging methods with the direct SFFV assessment method.  Our 97 

findings indicated that the Guinea pig was a sensitive model of allergic rhinosinusitis and anti-98 

inflammatory treatment, and that non-invasive digital imaging methods could be utilized 99 

reliably, and with accuracy of response characterization, that was similar to the direct 100 

quantitation of allergic rhinosinusitis using the SFFV method. 101 

 102 

 103 

MATERIALS AND METHODS 104 

Animals. Male Hartley Guinea Pigs (9-12 weeks old; weight 600-800 g at time of 105 

experiments) were purchased from Charles River and housed in high-efficiency particulate-106 

filtered air cages, with free access to food and water. A total of 42 male guinea pigs were used in 107 

the experiments. That includes 16 guinea pigs for RWP challenge dose response experiment, 18 108 
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additional guinea pigs for RWP challenge and Fluticasone treatment, and 8 naïve guinea pigs (all 109 

groups underwent sinus fill fluid volume determination as the final procedure). Female Guinea 110 

pigs were not used in these experiments, to avoid potential issues with estrus hormonal cycling 111 

and the inflammatory process being studied. Animals were anesthetized during all experiments. 112 

Inhaled isoflurane was utilized for the high-resolution imaging experiments (isoflurane mixed 113 

with air to a final concentration of 2% of isoflurane) and sodium pentobarbital (35-40 mg/kg) 114 

was utilized during all direct sinus measurement procedures, described below. At the end of all 115 

experiments performed, Guinea pigs were humanely euthanized with an overdose of 116 

pentobarbital sodium (150 mg/kg; Fatal Plus, MedVet International). All animal care and 117 

experimental procedures were in accordance with the National Institutes of Health (NIH) 118 

guidelines, and were approved by the University of Texas Medical Branch Institutional Animal 119 

Care and Use Committee (IACUC). 120 

Allergic Sensitization and Challenge. Research grade ragweed pollen (RWP) proteins 121 

(Giant and Short) were purchased from Greer Labs. Guinea Pigs (GP) were sensitized with an 122 

intraperitoneal (i.p.) injection of RWP (100μg of each protein) initially on day 0, and with a 123 

booster on day 7 (Figure 1). On days 15-19, sixteen GPs were given an intranasal challenge of 124 

RWP  concentrations (0, 6, 12, and 22 μg/ml), delivered in sterile phosphate buffered saline, 125 

(PBS; Sigma). Typically, a total volume of 60 μL RWP/saline solution was placed into each 126 

nostril during each RWP administration. For GPs being used as controls (0 μg/ml), 60 μL PBS 127 

was given with the same timing as the RWP solution. Preliminary experiments (data not shown) 128 

indicated that full 100% sinus occlusion could be obtained with RWP concentrations ≥ 25 µg/ml. 129 

Further concentration-response experiments described below, indicated that the optimal RWP 130 
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concentration for the induction of a reversible allergic congestion response was 22 μg/ml, which 131 

was administered as described above.  132 

(Figure 1 here) 133 

Anti-Inflammatory Drug Treatment. To provide both a test of the ability of the SFFV 134 

method to measure changes in RWP-associated sinus congestion, and to determine whether 135 

steroid dose-dependent effects on congestion could be observed, fluticasone (as Flonase™; 136 

Glaxo-Smith-Kline), a commonly-used anti-inflammatory intranasal steroid drug, was given 137 

once per day intranasally, 6-8 hr after each intranasal challenge with RWP, as described above. 138 

RWP was given at a highest concentration of 22 μg/ml and fluticasone was given at 139 

concentrations 0, 25, 50, 75, and 100 μg to groups of 4-5 GPs. This approach allowed a testing 140 

protocol in which treatment for congestion was tested in a time domain occurring after the initial 141 

exposure to allergen in a therapeutic fashion, rather than a prophylactic one, in which treatments 142 

are given prior to all exposures to allergen. This approach also allowed for establishment of the 143 

directly-measured allergic congestion and resolution responses for comparison with the non-144 

invasive sinus congestion assessment methods. 145 

Sinus Fluid Fill Volume Measurements. On day 22, seventy-two hours after the final 146 

intranasal instillations described above, sinus congestion was measured directly using an SFFV 147 

assessment method, modified after that described by Straszek and Pedersen (44). Decapitation 148 

under surgical levels of sodium pentobarbital anesthesia was performed using a guillotine, and 149 

the blood was allowed to drain from the head and nasal cavity region. The SFFV was measured 150 

as a fluid-volume displacement that was dependent on the measured total sinus airspace volume. 151 

Briefly, the head of the Guinea pig was mounted nostrils downward, with tubing inserted into the 152 

nostril and sealed in place with cyanoacrylate glue, to form a leak-proof seal. A digital constant-153 
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infusion syringe pump (Harvard Apparatus) was connected to the nostril tube and was utilized to 154 

deliver a non-diffusible liquid, perflurocarbon (PFC; Alcon Research, Ltd.), into the sinus 155 

airspaces at a constant rate (Figure 2A). A non-diffusible non-compressible liquid was 156 

necessary, so that: 1) the fluid would not diffuse across the sinus epithelium and all of the fluid 157 

volume delivered could reasonably be assumed to remain within the sinus cavities, , and 2) the 158 

fluid would not alter the pressure measurements due to compression as the pump pressure was 159 

applied to deliver the fluid into the sinus airspaces. A calibrated pressure transducer connected to 160 

an IBM PC-compatible computer was mounted on a side-port of the delivery tubing from the 161 

pump, to provide a measurement of the applied pressure within the setup, as pump infusion 162 

proceeded. The analog DC pressure signals were acquired with an analog-to-digital card 163 

(National Instruments) and converted to digital signals that were visualized, recorded, and 164 

analyzed using digital signal analysis software (BioBench, National Instruments). The pressure 165 

signal was monitored visually over time, with a sudden pressure drop being identified as the 166 

point at which the infused volume reached the rearmost portion of the nasal airways, at the 167 

nasopharynx, and the sinus airspaces were completely full (Figure 2B). With the known constant 168 

pump infusion rate, and the elapsed time from the initiation of delivery to the pressure 169 

breakpoint, the resultant timed volume was quantified as the SFFV.  All SFFV values obtained 170 

were normalized by the body weight of each Guinea pig, to control for variations in sinus sizes 171 

and airspace volumes, using animal weight as an acceptable surrogate of body size, and thereby, 172 

head and sinus size. 173 

(Figure 2 here) 174 

 175 
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Micro-Computed Tomography. Micro-computed tomography (microCT) was utilized to 176 

acquire two-dimensional (2-D) and three-dimensional (3-D) images to capture stages of allergic 177 

congestion and resolution with drug treatment using a Siemens Inveon CT/PET/SPECT small-178 

animal scanner. Prior to this procedure, Guinea pigs were anesthetized with isoflurane diluted 179 

with air to 2%. . The sinuses of the Guinea pigs were imaged at 72 hours post final intranasal 180 

RWP challenge and fluticasone treatment (day 22). The microCT imaging parameters were set 181 

with an exposure time of 1000ms (1 second) per projection, 70kV X-ray source voltage, 500 µA 182 

X-ray source current, 107 μm isotropic resolution, 360 degrees rotation with 520 projections, 183 

54.85 x 82.27 mm field-of-view at scanning, 512x512x768 voxels of reconstructed image. The 184 

software used was Siemens Image Acquisition Workplace (for performing the scan) and Image 185 

Research Workplace (for image post-processing). Images collected in this fashion resulted in 186 

files that averaged ~400 Mb, typically averaging a total of 768 axial slices, at a resolution of 100 187 

μm per slice, with no gaps between slices. The radiodensity scale was calibrated with air as -188 

1000 HU, and water as 0 HU. The whole-sinus air volumes were calculated using the free 189 

airspace of image densities in the range of -1000 to -200 HU, beyond which, the range of -200 to 190 

-50 was considered to be high-density tissue, such as fat, with bone and cartilage considered to 191 

be beyond 0HU. Therefore, radiodensity signals greater than -200 HU range were not included in 192 

the image and subsequent calculations of airspace.  193 

The 2-D linear distance-based sinus congestion assessment method relied on identification of 194 

common anatomical bony landmarks across animals, in which the nasal septum and rear upper 195 

molars were used as common landmarks. Three main sinus regions were identified: 1) the 196 

proximal sinus cavity (nearest the nares), defined as the cavity space from the tip of the nares to 197 

the first incisor tooth, 2) the medial sinus cavity, identified as the cavity space caudal to the 198 
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proximal sinus cavity, marked from the first incisor tooth to the most rearward molar tooth, and 199 

3) the distal sinus cavity, identified as the cavity space caudal to the medial sinus space, marked 200 

from the most rearward molar tooth to the first appearance of the eye socket. The sinus airspace 201 

width measurement was taken as the cumulative length of airspaces across the total length of the 202 

linear distance within the proximal sinus cavity region, at a reference image density of -400HU, 203 

to insure that bony and cartilaginous structures were accounted for, in the determination and 204 

measurement of airspace widths. 205 

We also compared pre-determined singular cross-sectional sinus image slices, taken from 206 

the 3-D full sinus image, at specified sinus longitudinal length intervals across animals, within 207 

each of the three sinus regions outlined above, to determine whether cross-sectional slice depths 208 

across the longitudinal full sinus axis could be reproducibly assessed and compared for similar 209 

evidence of sinus inflammation and resolution. Using the static anatomical landmarks of the tip 210 

of the nares and the eye socket, the full longitudinal length of the sinus was normalized to 211 

represent 100%, with intermediary distances represented as 25%, 50%, and 75% of full 212 

longitudinal length. This approach allowed us to account for differences between Guinea pigs in 213 

head lengths, and therefore, sinus lengths, to arrive at the same relative depth of the longitudinal 214 

sinus axis, across animals. 215 

Lower Airway Allergic Inflammation Assessment. Due to: 1) the invasive nature of 216 

the SFFV method, 2) the necessity to maintain an undisturbed sinus for the measurement of 217 

allergic sinus congestion and drug-associated resolution, and 3) the fact that sinuses treated with 218 

PFC were unsuitable for subsequent sinus wash analyses, we utilized bronchoalveolar lavage in 219 

several groups of Guinea pigs to assess the degree of airway leukocyte infiltration, as a further 220 

index of allergic airway inflammation associated with intranasal RWP administration. For 221 
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comparison of this index of inflammation with other animal models utilizing intranasal 222 

administration of allergic agents, we also administered intranasal ovalbumin in several groups of 223 

animals, on the same schedule as was used for RWP, outlined above. At the end of those 224 

experiments, Guinea pigs were euthanized by pentobarbital sodium injection of 150 mg/kg, and 225 

the tracheas were cannulated with polyethylene tubing (#4) connected to a 10cc syringe, into 226 

which two administrations of 1 ml of ice-cold sterile phosphate buffered saline (PBS) per 100g 227 

body weight was instilled into the lungs, and recovered by gentle aspiration. The collected BAL 228 

fluid was centrifuged for 10 min at 4°C at 120×g (at 1000 RPM) to isolate cells, which were then 229 

re-suspended, pooled, and spun onto slides using a Cytospin4 cytocentrifuge (Thermo Fisher). 230 

The slides were stained with H&E stain (Camco Stain Pak; Fisher Scientific/Cambridge 231 

Diagnostics) and eosinophils were counted under standard light microscopy at 40X 232 

magnification.  233 

Statistical Analyses. SigmaPlot graphical/statistical software (v. 12 and 13; Systat) was 234 

used to calculate descriptive statistics and perform statistical analyses. Independent sample t-tests 235 

were performed on BAL leukocyte data, to determine differences between treatment groups, with 236 

P values less than 0.05 considered to be significant. Normality tests were run on all data tested; if 237 

data did not pass the normality tests, then the non-parametric equivalent test was performed, at 238 

the same level of significance. In the case of t-tests, the Mann-Whitney U test was performed. 239 

The SFFV and image data were analyzed using one-way ANOVA. With acquisition of a 240 

significant F-statistic by ANOVA, post-hoc testing using the Student Neuman Keuls method was 241 

applied to determine discrete differences between treatment groups.  If the sinus data were found 242 

to fail the normality test, then the non-parametric Mann-Whitney Rank Sum Test was applied, 243 

with significance taken at the level of P<0.05. 244 
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 245 

 246 

RESULTS 247 

Induction of Allergic Sinus Congestion. We observed a RWP concentration-dependent 248 

increment in sinus congestion (Figure 3), evident as a significant decrement in SFFV values, 249 

which reached a maximum of a ~75% average decrement in SFFV, in comparing the control (0 250 

µg/ml RWP) and the highest administered RWP concentration (22 µg/ml). This pattern of 251 

concentration-dependent induction indicated that the allergic congestion response was able to be 252 

reproducibly modulated to a desired level that could then be studied with imaging, and also could 253 

be reversed with administration of an anti-inflammatory drug, as described below. 254 

(Figure 3 here) 255 

Airway inflammation: BAL cell analysis. Leukocyte recruitment to the airways 256 

typically increases as part of the allergic airway inflammation response [11, 12,24–26, 40], 257 

which provided a measure of the relative level of inflammation in our model of allergic 258 

rhinosinusitis. The BAL cell counts and patterns with RWP-induced allergic airway 259 

inflammation were comparable with those obtained with administration of ovalbumin (Figure 260 

4A), confirming the similarity of allergic inflammation within the airways with application of 261 

two different allergens. 262 

With the induction of an allergic response in the RWP-challenged Guinea pigs, the 263 

increase in BAL eosinophil count was significantly increased compared to naïve Guinea pigs, as 264 

shown in Figure 4B. As expected, eosinophil counts in fluticasone-treated RWP-challenged 265 

Guinea pigs were significantly decreased compared RWP-challenged Guinea pigs, declining to 266 
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counts nearly similar to naïve Guinea pigs, and demonstrating the resolution of allergen-267 

associated airway inflammation with application of an intranasal anti-inflammatory steroid.  268 

(Figure 4 here) 269 

Anti-inflammatory drug effects on sinus congestion. Fluticasone significantly 270 

decreased RWP-associated allergic sinus congestion in a concentration-dependent fashion, 271 

evident as stepwise increments in SFFV (Figure 5).  Specifically, fluticasone concentrations of 272 

50-100 µg/ml were effective in progressively increasing SFFV, reaching a point of near-total 273 

reversal of the RWP-associated allergic sinus congestion with administration of 100 µg/ml, 274 

toward high SFFV values, which was not significantly different from that of naive Guinea pigs. 275 

(Figure 5 here) 276 

2-D Image Width Analyses of Sinus Congestion and Treatment.  Using the linear 277 

analysis method outlined above, cumulative linear sinus widths were measured in naïve, RWP, 278 

and RWP+fluticasone groups, with representative images in Figure 6 showing the drawn linear 279 

line segment (Figure 6A), the image terrain/density analyses, as the density of tissue was 280 

followed from left to right along the line segment path in each 2-D image above (Figure 6B), 281 

and the average linear sinus width measurements (Figure 6C). The effect of slight differences in 282 

head alignment angles across images was minimized by drawing between bilateral landmarks 283 

with line segments that were perpendicular to the central axis of the head.  With induction of 284 

allergic rhinosinusitis by RWP, linear sinus width was decreased to approximately one-third of 285 

that measured in naïve Guinea pigs. With administration of fluticasone, linear sinus width was 286 

increased over that observed in the RWP group to an average width that was not statistically 287 

different from the Naïve group. The pattern of results with the linear sinus width method (Figure 288 

6C) were similar in pattern to those obtained using the SFFV technique, as shown in Figure 7C, 289 
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suggesting that the linear sinus width method of 2-D image analysis tracked the pattern of 290 

changes in congestion with allergic induction and subsequent anti-inflammatory treatment. 291 

(Figure 6 here) 292 

3-D Image Whole-sinus Volume Analyses of Sinus Congestion and 293 

Treatment.  Using the 3-D image whole-sinus volume analysis method outlined above, the sinus 294 

volumes were measured in naïve, RWP, and RWP+fluticasone groups with representative 295 

images slices of the 3-D images showing the airspace volume in blue color in each image 296 

(Figure 7A). As shown in Figure 7B, with induction of allergic rhinosinusitis by RWP, 3-D 297 

imaged whole-sinus air volume was decreased to approximately one-third to one-quarter of that 298 

measured in naïve Guinea pigs. With administration of fluticasone, whole-sinus volume was 299 

increased over that observed in the RWP group, to an average volume that approached that of the 300 

Naïve group. The results with this method were similar in pattern to those obtained using the 301 

SFFV (Figure 7C) and the 2-D linear width techniques, (Figure 6C), suggesting that the 3-D 302 

whole-sinus airway image volume analysis method was accurate in tracking changes in 303 

congestion with allergic induction and subsequent anti-inflammatory treatment, as compared 304 

with the direct SFFV assessment method. Figure 7D shows the linear association of the SFFV 305 

and whole-sinus air volume measurements as being along a line of positive slope, in which low 306 

SFFV values were correlated with low whole-sinus air volume values with RWP administration, 307 

as measured by microCT. 308 

(Figure 7 here) 309 

3-D Image Slice Analyses of Sinus Congestion and Treatment.  As a result of 310 

calculations and normalization of the full length of the Guinea pig nasal sinuses, based on the 311 

25%, 50%, and 75% length reference points described above, we were able to consistently locate 312 
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region-based anatomical structures inside the Guinea pig sinuses with reproducible precision. 313 

Accordingly, for each Guinea pig, we back-calculated from the last slice that represented the 314 

100% length, to the slice numbers that represented the 25%, 50%, and 75% of full-sinus length 315 

landmarks (moving rostral to caudal), as shown in the representative oblique relief images, in 316 

which the full-sinus image (Figure 8A) is compared with the single cross-sectional image slices 317 

(Figure 8B) from that same full-sinus image, at each specific sinus reference length. We found 318 

that this approach allowed us to relocate to the same sinus area within 0-3 slices in either the 319 

rostral or caudal direction, making our greatest experimental relocation error less than 1% (6 320 

slice total variance/768 total slices), or a maximum sinus length distance error of ± 30 μm from 321 

the desired reference point. With practice, we found that we were typically either exactly on-322 

target, or no more than one virtual slice (10 μm) from our desired target. Thus, this approach 323 

allowed us to accurately return to, and thus monitor and assess: 1) the same sinus regions within 324 

each Guinea pig, 2) the same relative sinus anatomical area across Guinea pigs, and 3) treatment 325 

effects in the same relative anatomical sinus regions, across Guinea pig treatment groups. 326 

(Figure 8 here) 327 

The relative 25%, 50%, and 75% length landmark slice locations corresponding to the 328 

proximal, medial, and distal sinus regions, moving from bottom (nostrils) to top (eye socket area) 329 

of the image, are shown in Figure 8C, illustrating a vertically-oriented sinus image from a 330 

typical naïve Guinea pig, with blue coloration indicating whole-sinus airspace volume. For 331 

comparison, the resultant cross-sectional images at each length reference point are shown 332 

directly to the right, from three separate Guinea pigs representative of each of the respective 333 

Naïve, RWP, and RWP+fluticasone treatment groups. In these cross-sectional images, airspace is 334 

shown as blue, and can be observed to be decreased at each sinus level with RWP, as compared 335 

Downloaded from www.physiology.org/journal/jappl by ${individualUser.givenNames} ${individualUser.surname} (154.059.124.102) on September 2, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



16 
 

to Naïve, and was increased with fluticasone treatment, toward air volume area fills similar to 336 

that of the Naïve Guinea pig. While exemplary, further evidence of these differences is shown in 337 

a similar comparison of virtual 3-D slice images of three Guinea pigs per treatment group with 338 

sections at each length level of the whole-sinus (Figure 9). These images are provided to show 339 

1) the repeated similarity of images at each length level within the control and experimental 340 

groups, 2) the changes that can be observed repeatedly with RWP-induced allergic congestion, at 341 

each length level, and 3) the repeated reversal of those changes at each length level, with 342 

fluticasone treatment. 343 

Finally, we measured the both the sinus airspace cumulative area and the sinus surface 344 

perimeter within each 3-D slice at the 25%, 50%, and 75% sinus length levels, in Guinea pigs 345 

from each of the Naïve, RWP, and RWP+fluticasone groups. As shown in the images of Figure 346 

9, the calculated airspace area corresponded to the darker blue color of airspace within each slice 347 

(as illustrated in Figures 9-11), and the calculated sinus surface perimeter corresponded to a 348 

lighter blue highlight of the boundary of each airspace. Visual inspection of the darker blue 349 

coloration in those images verifies the relatively open sinus space in the Naïve group,  much less 350 

darker blue coloration in the RWP group (corresponding to allergic sinus congestion), and 351 

increased darker blue coloration in the fluticasone treated group. Using these methods of 352 

assessment, we plotted both average sinus airspace area values (Figure 10A), and average sinus 353 

surface boundary perimeter values (Figure 10B), and the ratio of area/ perimeter, for each 354 

treatment group (Figure 10C), at each sinus slice level. As shown with the other methods of 3-D 355 

image assessment, and the “gold-standard” SFFV method, the patterns of sinus area and 356 

perimeter changes are consistent with what would be expected with RWP-associated induction of 357 

allergic sinusitis and its amelioration with administration of an anti-inflammatory steroid. 358 
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However, visual inspection and comparison with the results from the SFFV method and the 359 

whole-sinus airspace volume assessments (as shown in Figure 7) suggest that the greatest fidelity 360 

of the sinus airspace area, surface perimeter, and area/perimeter ratio, in tracking the allergic 361 

sinus congestion and its reversal with anti-inflammatory treatment, occurs within the proximal 362 

sinus, at the 25% sinus length level. 363 

 364 

DISCUSSION 365 

The main findings of present studies were: 1) 2-dimensional microCT methods utilizing 366 

nasal width measurements, 3-D microCT whole-sinus volume measurements, and 3-D microCT 367 

sinus image slice analyses provided assessments of allergic sinus congestion that were similar to 368 

those obtained with the direct “gold-standard” SFFV method, 2) a normalized 3-D microCT 369 

image slice location method allowed a reproducible degree of accuracy in analyses of 370 

inflammation and its resolution both across individuals and experimental groups, and 3) 371 

microCT 3-D image slice analyses provided assessments of both sinus airspace area and surface 372 

perimeter that were likewise consistent with the SFFV, 2-D linear width, and 3-D whole-sinus air 373 

volume methods of allergic sinus congestion and resolution measurement. 374 

Guinea Pig Model of Allergic Rhinosinusitis. While investigation of allergic sinus 375 

congestion has been undertaken in other animal models, such as mice and rats, the Guinea pig 376 

was considered to be superior for the present studies due to its size, and its similarity of allergic 377 

responses and symptoms, to those of humans. Consistent with allergic airway inflammation in 378 

human asthma, we verified the presence of allergic airway inflammation in our Guinea pig 379 

model by quantification of the BAL cell differential and observation of RWP-associated 380 

eosinophilia, which was resolved with administration of fluticasone (Figure 4). Those findings 381 
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in the lower airways were consistent with a prior report, in which eosinophilia and its resolution 382 

with fluticasone was observed in the nasal lavage and mucosa of Guinea pigs administered OVA 383 

(2) . While it is possible that there could be a lack of association between sinus airway and lung 384 

airway inflammation in our model, we note that many animal models of lung airway 385 

inflammation are induced through intranasal application of allergens and that the inflammation 386 

of both the upper and lower airways often occur together in human asthma. Anecdotally, we 387 

often observed enhanced mucus secretion with runny noses and sneezing in our animals that had 388 

been given RWP, i.n., similar to that reported previously in Guinea pigs (2, 27) and indicative of 389 

the late-phase histamine-associated allergic response (51) and symptoms observed in humans 390 

with allergic rhinosinusitis (52). 391 

Sinus Fluid-volume method as a “gold-standard”. There exists a number of methods 392 

from which to choose to measure sinus airway congestion; they range from non-invasive, to 393 

minimally invasive, and/or fully invasive. One minimally-invasive and non-physiologic method 394 

of nasal patency assessment in humans (i.e., no surgical cutting or penetration of skin or other 395 

structural barriers) is acoustic sinus rhinometry (28). However, this method requires complex 396 

mathematics, subject cooperation with breath-hold maneuvers, ambient temperature and noise 397 

control,  and is often limited due to variations in structure of nasal cavities besides being based 398 

on aspects of subjective assessments (10, 13, 36), some of which require a “standard nose” with 399 

which to compare (17), which is clearly unsuitable for investigations in Guinea pigs. 400 

Furthermore, due to the tortuosity of sinus structures, the measurement variation obtained with 401 

this sound-based method can be significant due to heterogeneity of reflected sound waves when 402 

irregular structures within the sinuses are encountered during the measurements. As shown by 403 

the 3-D image slices in Figures 9 and 10, this would be particularly true for the distal sinus 404 
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regions. Indeed, a series of studies comparing acoustic rhinometry to the fluid displacement 405 

method in dogs, cats, Guinea pigs, and rats indicated that acoustic rhinometry underestimated 406 

sinus volume by an average of approximately 15-30% across those species (44, 45) While non-407 

invasive, for the reasons above, we judged the acoustic rhinometry method to be unacceptable as 408 

a “gold-standard” for our purposes, against which to compare result from our non-invasive 409 

micro-CT methods. 410 

Another non-invasive technique is magnetic resonance imaging (MRI) assessment, which 411 

has advantages similar to micro-CT of being repeatable and non-terminal. However, a study of 412 

MRI in comparison with the fluid displacement method in dogs and cats indicated that cross-413 

sectional area of the sinus lumen was limited by the fact that its definition was dependent on 414 

subjective choices made by the image assessor, making MRI unsuitable as a “gold-standard” of 415 

sinus measurement (45). While we had obtained some interesting and congruent data with the 2-416 

D linear cumulative-width measures of micro-CT images (Figure 6), we found this same 417 

situation to be true regarding the line segment placement, which is one reason that we favored 418 

the whole-sinus 3-D volume assessments. 419 

Two additional more invasive methods for the assessment of sinus congestion are the use 420 

of nasal sinus casts (39, 43) and histologic approaches (35), which are more conclusive than 421 

acoustic rhinometry, but can be confounded by preparation issues, such as deformation of 422 

compliant structures and histological sectioning artifacts and are, likewise, terminal in nature. 423 

Thus, we selected the invasive, but direct method, of SFFV measurement as our “gold-standard” 424 

method, for these studies. 425 

Reliability of Micro-CT Sinus Imaging Methods. As suggested above, a major 426 

advantage of the micro-CT imaging methods was their non-invasive, non-terminal nature. It was 427 
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remarkable that each of the CT-imaging techniques we utilized demonstrated a similar sinus 428 

congestion and resolution pattern that essentially equated nasal airway width (Figure 6), whole 429 

sinus airway volume (Figure 7), sinus airspace area (Figure 10A) and sinus surface perimeter 430 

(Figure 10B), with direct measurements of SFFV (Figure 7). This gave us confidence that non-431 

invasive image-based air volume measurements could be considered equivalent to, direct fluid-432 

volume measurements of sinus congestion. 433 

While we were able to show concordance of allergic sinus congestion and resolution 434 

results with the SFFV measurements using the 2-D linear method, the 3-D whole-sinus volume 435 

method and the 3-D image slice methods(Figures 6 and 7), there were some limitations 436 

encountered, as well. For example, the 2-D linear approach for measuring cumulative sinus 437 

width was applied only to the proximal sinus area, where relatively unambiguous bony 438 

anatomical landmarks were reliably evident and of similar sizes and shapes across Guinea pigs in 439 

the age range we studied. The age of the Guinea pig was an important surrogate of Guinea pig 440 

size and growth, which can modify apparent width measurements, also adding a level of variance 441 

to such measurements. The 2-D linear approach also relied on the subjective skill and experience 442 

of the image operator to reliably sample the sinus length and location at a comparable depth 443 

across Guinea pigs sampled, adding another potentially confounding variable to the 444 

reproducibility of this measurement. Thus, while the 2-D linear method obtained results in the 445 

proximal sinus that were consistent with the SFFV method, it had some characteristics that 446 

limited its consideration as an optimal image assessment method. 447 

The slice assessment method utilizing normalized sinus length location within the 3-D 448 

whole-sinus images was remarkably accurate, from the perspective that the same relative sinus 449 

depth from the nostrils to the eye sockets could be reliably located both within a single Guinea 450 
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pig, and across multiple Guinea pigs (Figures 8,-10-11). This method, likewise required some 451 

practice, but was less ambiguous than the 2-D linear width method, due to the reliable 452 

mathematical nature of the normalized length location approach, and the consistent image slice 453 

thickness for each whole-sinus image. An important aspect of this method was that the sinus 454 

surface perimeter, or sinus boundary, was quantifiable and demonstrated changes concordant 455 

with the other congestion assessment methods, and particularly the SFFV data (Figures 7,9, 10), 456 

which could be important in characterization of sinus airway inflammation and disease. 457 

Of the three micro-CT image assessment methods, the 3-D whole-sinus volume 458 

measurement approach offered the least ambiguous and most directly comparable results with 459 

the direct SFFV method. This is likely because both methods are essentially volume integrations 460 

of the whole sinus airspace, which decreases with congestion and increases with resolution of 461 

congestion. Furthermore, as suggested by the illustration in Figure 7, the 3-D whole sinus 462 

volume image also provides the most visually apparent changes in sinus congestion with the 463 

induction of allergic response, and its treatment with an anti-inflammatory drug, which is a 464 

desirable characteristic of an image-based method of quantification. Thus, while some additional 465 

information is obtainable with the other image-based approaches, we judged the 3-D whole-sinus 466 

volume method as providing the most reliable overall determinations of sinus congestion 467 

consistent with allergic rhinosinusitis. 468 

Other Methodological Considerations.  469 

Micro-CT offers a non-invasive, cost-effective approach allowing imaging of hard 470 

structures (e.g., bone and other tissue making up the sinuses), providing high sensitivity and high 471 

spatial resolution. This x-ray-based imaging tool can provide good resolution in a time-efficient 472 

manner, while facilitating high throughput of analyses (7, 9, 15, 20, 38). However, two potential 473 
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limitations of micro-CT are radiation dose and the somewhat low resolution of a number of soft-474 

tissue structures (18, 19, 48). With refinement of the technique, it might be possible to focus 475 

attention on some of the resolvable sinus soft tissue changes with allergic rhinosinusitis and its 476 

treatment. However, in the present study, soft tissue modifications were not focused upon, and 477 

the resolution of the scan of the nasal cavity structures was sufficient to distinguish between 478 

bone, cartilage and airspace. 479 

While a necessary concern, the radiation dose would not be considered cumulatively 480 

damaging, in the way that we typically applied micro-CT during one pre-terminal sinus imaging 481 

session. Micro-CT applied in small animals is generally thought to be harmful only as it relates 482 

to sequential and repeated exposures over compressed time intervals, such as days to weeks. 483 

Specifically, radiation from repeated micro-CT exposures could ultimately influence animal 484 

survival or tumor growth in small animals, such as mice (53), in which the relative radiation dose 485 

per total body mass can be high, as compared to much larger Guinea pigs. It has been reported 486 

that a lethal dose (LD) for 50% of exposed mice within 30 days (LD50/30) can range between 5.0-487 

7.6 Gray (Gy), and that a typical whole-body radiation dose for a 3-D micro-CT can range from 488 

0.017-0.78 (Gy) (7). At the high end of that typical range (0.78 Gy), an estimated cumulative 489 

LD50/30 of 7.6 Gy would theoretically be reached after approximately 10 closely-timed successive 490 

whole-body micro-CT imaging sessions in mice. Furthermore, rodents can repair alterations 491 

from sub-lethal doses of radiation in several hours (32) and have been reported to demonstrate no 492 

adverse effects within the lower airways during longitudinal micro-CT studies (8). 493 

 Presumably, Guinea pigs would be able to tolerate more than 10 sequential micro-CT 494 

exposures before reaching LD50/30 radiation levels, owing to their larger size. In support of this 495 

probability, it has also been reported that the skin of mice and rats can absorb as much 0.045 and 496 
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0.028 Gy, respectively, during one micro-CT whole-body scanning session, but that the internal 497 

organs receive significantly lower doses, typically averaging <0.035 and <0.024 Gy in mice and 498 

rats, respectively (29). Thus, based on body mass and size scaling, with a typical young adult 499 

mouse weighing 20-30 g, a typical young adult rat weighing 300-500 g, and our studied young 500 

adult Guinea pigs weighing 600-900 g, it would be expected that the skin of Guinea pigs would 501 

cumulatively absorb less than 0.028 Gy in one micro-CT exposure, and their internal organs even 502 

less than that amount during one micro-CT imaging session.  503 

 CT is commonly used in human clinical practice at dosages ranging from 0.005-0.070 Gy 504 

for interventional procedures, 0.003-0.020 Gy for most nuclear procedures, and 0.002 Gy for 505 

head CT analyses, as compared to the average annual background radiation exposure of 506 

approximately 0.3 Gy (Mettler 2008). The acute radiation dosage with a single clinical scan of 507 

sinuses is comparatively low, reported to range as low as 0.0005-0.006 Gy (Bang 2016), and 508 

0.0029-0.0316 Gy (Hoxworth 2014); cumulative doses, particularly for a surveillance scan that 509 

may be done at most once/year, would be even less. For patients with chronic disorders, such as 510 

severe rhinosinusitis, a major issue is induction of cataracts with radiation of the lens of the eye 511 

during serial CT imaging of paranasal sinuses, typically considered to occur at levels of 0.250 512 

and 5.0 Gy for pediatric and adult patients, respectively (Bang 2016), but which can be avoided 513 

with proper shielding (Hoxworth 2014). Particularly for adults, sinus CT scans are therefore 514 

considered to be of minimal risk for the induction of tissue pathology and cancer, especially as 515 

compared to the relative benefit of accurate and personalized sinus diagnoses and therapy. 516 

Comparisons with Other Studies of Sinus Congestion. The anatomy and physiological 517 

responses of the Guinea pig nasal cavities have been of interest to biomedical scientists as far 518 

back as 1949-1950, with the proclamation that the Guinea pig represented the ideal experimental 519 
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animal for research work within the nasal cavity (21, 37). Our results obtained with 3-D whole 520 

sinus image analyses (Figures 7, 8), as well as our 3-D image slices (Figures 8-10) compare 521 

favorably with a prior study using 2-D and 3-D CT imaging techniques in Guinea pigs (33). Our 522 

3-D image slices also compare favorably with older histological sections of the Guinea pig 523 

sinuses (21), suggesting the practicality of the use of microCT as a non-invasive imaging method 524 

to assess sinus topography and alterations. 525 

Our findings of significant, and in some cases, near-complete reversal of allergic sinus 526 

congestion with i.n. fluticasone administration, as assessed by all of the methods we employed, 527 

was strongly consistent with a prior study in Guinea pigs, in which fluticasone was reported to 528 

result in complete inhibition of congestion (2). Those data, considered together with the lower 529 

airway indices of inflammation and its resolution with fluticasone, further enhanced our 530 

confidence in the micro-CT approach, as being valid for testing of drug treatments employed in 531 

the treatment of allergic rhinosinusitis. 532 

 533 

Summary.  Our results indicate that the non-invasive, non-terminal micro-CT sinus 534 

airspace volume measurement method can provide allergy-associated sinus congestion data 535 

consistent with the more invasive and terminal directly-measured SFFV method.  The two 536 

methods produced data that was strongly associated when measuring both the degree of allergy-537 

associated congestion induction and its resolution with administration of a classical anti-538 

inflammatory steroid. Furthermore, we found that normalization for relative animal size 539 

differences, and the use of consistent anatomical landmarks, could be utilized to insure 540 

reproducibility of micro-CT measurements across individuals, and the subsequent identification 541 

of treatment effects. Taken in aggregate, the present study provides evidence that the micro-CT 542 
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method can be used to accurately measure IgE-associated sinus allergic responses, suggesting a 543 

potential for utilization of micro-CT as an investigative tool in drug testing and mechanistic 544 

studies of allergic rhinosinusitis.  545 
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Figure Legends 737 

 738 
Figure 1. Allergy induction protocol utilized to induce allergic rhinosinusitis in Guinea 739 

pigs, using intranasal (i.n.) ragweed pollen (RWP) administration. Guinea pigs progressed 740 

toward allergic rhinosinusitis through initial systemic injections of RWP (i.p.), followed by i.n. 741 

application of RWP over a 5 day period. In fluticasone-treated groups, the i.n. application of 742 

RWP occurred in the early morning, and the fluticasone treatment was applied i.n., in the late 743 

afternoon of each day. Bronchoalveolar lavage (BAL), sinus fluid fill volume (SFFV), and 744 

microCT (mCT) measurements were taken subsequently 72 hr after the last i.n. RWP 745 

administration. 746 

 747 

Figure 2.  A. Schematic of sinus fill fluid volume measurement setup, incorporating 748 

constant-flow infusion pump delivering perflurocarbon liquid directly into nasal sinuses of 749 

Guinea pig, with pressure transducer in delivery line to monitor pressure development and 750 

release, with achievement of sinus filling. Amp = DC amplifier feeding DC pressure signal to 751 

PC-compatible computer via analog-to-digital conversion board, with digital readout from data 752 

display and acquisition program, shown on computer monitor. B. Screenshots of typical pressure 753 

tracings recorded during the sinus fill fluid volume experiments. Left: Tracing of pressure 754 

development and release in Guinea pig with no administration of RWP; elapsed time of pressure 755 

development was ~42 s, indicating a long duration of sinus filling, consistent with a high volume 756 

in uncongested sinuses. Right: Tracing of pressure development and release in Guinea pig treated 757 

with i.n. administration of RWP; elapsed time of pressure development was less than 10 s, 758 

indicating a brief duration of sinus filling, consistent with a low volume in congested sinuses. 759 

Note the difference in time scale at bottom of each tracing. 760 
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 761 

 762 

 763 

Figure 3.  Sinus fill fluid volume (SFFV) of Guinea pigs with increasing intranasal 764 

ragweed pollen (RWP) administration.  SFFV decreased maximally to an average of 765 

approximately 25%, indicating an increase in sinus congestion of nearly 75%. Values are means 766 

± S.E.M.; * P<0.05 as compared to control (no RWP); 
v 

P<0.05 as compared to next lowest RWP 767 

treatment group, n=4 Guinea pigs/bar. 768 

 769 

Figure 4. A. Bronchoalveolar lavage (BAL) leukocyte cell differentials in Guinea pigs, 770 

either naïve (no sensitization or challenge; n=8), or with intranasal ovalbumin (OVA; 100 771 

mg/ml; n=7), or intranasal ragweed pollen (RWP, 22 µg; n=10); data are from combined 772 

experiments using OVA and RWP. Macs = macrophages, Lymphs = lymphocytes, PMN = 773 

polymorphonuclear leukocytes, Eos = eosinophils. Values are means ± S.E.M.; * P<0.05 vs. 774 

naïve, n.s = not significant, 0 = no cells observed. B. Total eosinophil counts in naïve (n=5), 775 

RWP sensitized and challenged (n=5), and RWP+fluticasone-treated (100 µg; n=5) Guinea pigs; 776 

data are from naïve and RWP-exposed Guinea pigs randomly selected from combined 777 

experiments to compare with the RWP+fluticasone experiments. Values are means ± S.E.M.; * 778 

P<0.05 vs. naïve; 
v
 P<0.05 RWP+fluticasone vs. RWP group. 779 

 780 

Figure 5. Sinus fill fluid volume (SFFV) as a function of administered concentration of 781 

fluticasone, in Guinea pigs with RWP-associated allergic sinus congestion. For comparison, far 782 

left bar indicates average SFFV values in naive Guinea pigs (no RWP, or drug), which are of 783 
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large magnitude, as would be expected with uncongested, untreated sinuses. Similar to Figure 3, 784 

administration of RWP significantly decreased SFFV by ~75%, indicating significant allergic 785 

sinus congestion, as compared to naive Guinea pigs. Fluticasone treatment significantly 786 

increased measured SFFV values in a concentration-dependent fashion, toward values similar to 787 

those observed in naive animals. Values are means ± S.E.M.; 
v
 P<0.05 as compared to naïve 788 

group; * P<0.05 as compared to RWP alone; ^ P<0.05 as compared to next lowest concentration 789 

of fluticasone; n.s. = not significant; respective treatment group n’s for Naïve (same as “0” in 790 

Figure 3), RWP (same as 22µg in Figure 3), RWP+25µg fluticasone, RWP+50µg fluticasone, 791 

RWP+75µg fluticasone, and RWP+100µg fluticasone were 4, 4, 4, 5, 4, and 5. 792 

 793 

Figure 6. Two-dimensional image analyses of sinuses of Naïve, RWP-treated, and 794 

RWP+fluticasone treated Guinea pigs, quantifying cumulative linear width of nasal airway 795 

passages at a fixed bony landmark, using a high-contrast coloration scheme to allow definitive 796 

identification of skull bone structures, cartilage, and air spaces (black), measuring across the 797 

linear yellow arrow for image densities of -200HU for soft tissue (cartilage), -800HU for 798 

airspace openings, and +1100 to +1500HU for bone. A. Representative images indicating linear 799 

line segment placement and relative widths observed; note presence of significant mucous 800 

accumulation in the proximal and medial sinus spaces of RWP example, shown as strong yellow 801 

signal along midline of sinus passage, as compared to heterogeneous yellow and black signals in 802 

the distal sinus area, in same image.  B. Image terrain/density analyses for each of the images 803 

shown above in Panel A, with lower densities along the ordinate indicating airspaces, and higher 804 

densities along the ordinate indicating dense bony and cartilaginous structures of the sinus. 805 

Dashed black line indicates -400HU image density reference point, at which cumulative width 806 
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measures were made, as shown for Naïve (W1+W2), RWP (W1+W2+W3+W4+W5), and RWP 807 

+ fluticasone (W1 + W2). C. Average cumulative linear widths (mean ± SE) across groups; 808 

*P<0.05 vs. Naïve, ^P<0.05 vs. RWP; Naïve (n=5), RWP (n=4), and RWP+Fluticasone (n=5); 809 

n.s. = not significant.  810 

 811 

Figure 7. A. Pictures of 3-D whole-sinus images of Guinea pigs from Naïve (n=5), 812 

RWP-challenged (n=5), and RWP + Fluticasone (Flutic; 100 µg; n=4) groups. B. Whole-sinus 813 

air volume as measured by microCT in same groups as indicated in panel A; statistical 814 

significance symbols *P<0.05 as compared to Naïve, ^ P<0.05 RWP + Flutic as compared to 815 

RWP, alone.  C. Sinus fluid-fill volume (SFFV) measurements in same treatment groups as 816 

pictured in panel A; significance symbols as in panel B.  D. Association of sinus volume 817 

measured with the SFFV method and the whole-sinus air volume measured by microCT for 818 

Guinea Pigs in panels A, B, and C, with linear regression equation (y = 6.08x) and correlation 819 

coefficient (r
2
=0.989), as shown; regression was constrained to pass through the origin of the 820 

plot; standard error, and lower and upper confidence limits of slope, were 0.38, 4.89 and 7.27, 821 

respectively.  822 

 823 

Figure 8. A. Oblique-angle view of 3-D naïve Guinea pig full-sinus image, indicating 824 

anatomical and sinus length landmarks utilized for microCT image slice analysis, with airspace 825 

volume indicated by blue coloration. Nostrils and eye sockets provided the proximal and distal 826 

whole-sinus length boundaries, from which the 25%, 50%, and 75% sinus length landmarks were 827 

derived. B. Same oblique angle view as indicated in panel A, with microCT images of single 828 

slices obtained at 25%, 50%, and 75% sinus length intervals, and also with nostril and eye socket 829 
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slice images at sinus length extremes, for reference. C. Left. Two-dimensional picture of the 830 

same naïve Guinea pig full-sinus image with airspace volume, as in Figure 7, viewed axially 831 

(looking down directly on top of the head), to show the full length, and right-angle-to-832 

longitudinal-axis register of the 25%, 50%, and 75% sinus length slice landmarks, demarcating 833 

the proximal, medial, and distal sinus regions. Right. Composite of microCT slices taken from 3-834 

D full-sinus image at each length landmark, for representative single Guinea pigs from the 835 

Naïve, RWP, and RWP + fluticasone treatment groups, in which dark blue coloration was used 836 

to indicate airspaces within the respective slices at each level. Note: 1) the similarity of sinus 837 

image topography across sinus landmark levels and Guinea pigs in each group, and 2) the 838 

relative lack of dark blue coloration within the image slices of the RWP examples, indicating 839 

reduced airspace volume and increased sinus congestion, as compared to the Naïve and RWP + 840 

Fluticasone treatment examples. 841 

 842 

Figure 9. Three sets of microCT image slices taken from three whole-sinus 3-D microCT 843 

images of Guinea pigs from: A.) Naïve group, B.) RWP group, and C.) RWP + fluticasone 844 

group, to indicate assessment and comparison of sinus airspace area (darker blue coloration) and 845 

sinus perimeter (lighter blue coloration) demarcation. The images from the RWP-treated Guinea 846 

pigs consistently demonstrated a decrease in both the darker and lighter blue coloration, as 847 

compared to those in the Naïve and RWP + Fluticasone treatment examples. 848 

 849 

Figure 10.  A. Measurements of sinus airspace area from 25%, 50%, and 75% sinus 850 

length landmark slices, as shown in Figure 6 (areas of darker blue), in Naïve (n=5), RWP (n=5), 851 

and RWP + Fluticasone (n=4) treatment groups. Data are means ± SEM; * P<0.05 as compared 852 
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to Naïve; ^ P<0.05 RWP + fluticasone as compared to RWP; n.s. – not significant as compared 853 

by ANOVA.  B. Measurements of sinus surface perimeter from 25%, 50%, and 75% sinus length 854 

landmark slices, as shown in Figure 6 (areas of lighter blue), in same Naïve, RWP, and RWP + 855 

Fluticasone treatment groups, as in panel A. Data are means ± SEM; significance symbols as in 856 

panel A.  C. Ratios of sinus airspace area per sinus perimeter, derived from 25%, 50%, and 75% 857 

sinus length landmark slices, as shown in Figure 6 (areas of darker blue and lighter blue), in 858 

Naïve, RWP, and RWP + Fluticasone treatment groups, as in panel A. Data are means ± SEM; 859 

significance symbols as in panels A and B.   860 

 861 

 862 
 863 

 864 
 865 
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Figure 3 
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Figure 6 

B.

A.

C.

Naïve RWP RWP + Flutic

N
as

al
 a

irw
ay

 w
id

th
 (m

m
)

0

2

4

6

8

*

^

n.s.

Naive RWP RWP+Flutic

Downloaded from www.physiology.org/journal/jappl by ${individualUser.givenNames} ${individualUser.surname} (154.059.124.102) on September 2, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



7

Figure 7 

B.

C.

D.

A.

W
ho

le
-s

in
us

 A
ir 

Vo
lu

m
e

(m
m

3 )

0

200

400

600

800

1000

1200

*

*^

Naive RWP RWP + Flutic

Si
nu

s-
Fi

ll 
Fl

ui
d 

Vo
lu

m
e

(
L 

/ k
g 

bo
dy

 w
ei

gh
t)

0

20

40

60

80

100

120

140

*

*^

Naive RWP RWP + Flutic

Downloaded from www.physiology.org/journal/jappl by ${individualUser.givenNames} ${individualUser.surname} (154.059.124.102) on September 2, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



8

Figure 8 

A.

C.

B.

Downloaded from www.physiology.org/journal/jappl by ${individualUser.givenNames} ${individualUser.surname} (154.059.124.102) on September 2, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



9

Figure 9 
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Figure 10 
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