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Objective—To assess effects of body position on direct measurements of intra-abdominal 18 

pressure (IAP) and abdominal perfusion pressure (APP) in horses anesthetized with total 19 

intravenous anesthesia (TIVA).  20 

Animals—9 healthy adult horses. 21 

Procedures—Instrumentation in unsedated standing horses involved insertion of an arterial 22 

catheter for blood pressure measurements and 3 intraperitoneal cannulas (left flank, right flank 23 

and ventral abdomen) for IAP measurements. Baseline values were measured for heart rate, 24 

respiratory rate, systolic arterial pressure, mean arterial blood pressure (MAP), diastolic arterial 25 

blood pressure, and IAP. Horses were medicated with xylazine and pressures were measured 26 

again. Anesthesia was induced with ketamine-diazepam and maintained with a ketamine-27 

guaifenesin infusion. Horses were positioned twice into left lateral recumbency, right lateral 28 

recumbency, or dorsal recumbency. Hemodynamic pressures and accessible abdominal pressures 29 

were measured for each recumbency position. The APP was calculated as MAP – IAP. 30 

Differences in IAP, MAP, APP and sedation (standing horses) or body position (anesthetized 31 

horses) were compared by repeated-measures ANOVA or paired t tests.  32 

Results—Baseline hemodynamic and intra-abdominal pressures were not different after xylazine 33 

administration. Ventral abdomen IAP and MAP were lower for horses in dorsal recumbency than 34 

in right or left lateral recumbency. Ventral abdomen APP remained unchanged. For lateral 35 

recumbencies, flank IAP was lower and APP was higher than pressure measurements at the same 36 

sites for dorsal recumbency.  37 

Conclusions and Clinical Relevance—Body position affected IAP and APP in healthy 38 

anesthetized horses. These effects should be considered when developing IAP acquisition 39 
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methods for use in horses with abdominal disease. (Am J Vet Res 2014;75:xxx–xxx) 40 

 Approximately 250 words  6 41 

 42 

ABBREVIATIONS 7  43 

APP  Abdominal perfusion pressure  44 

CI  Confidence interval 45 

DAP  Diastolic arterial blood pressure  46 

IAH  Intra-abdominal hypertension 47 

IAP  Intra-abdominal pressure 48 

MAP  Mean arterial blood pressure 49 

SAP  Systolic arterial blood pressure 50 

TIVA  Total intravenous anesthesia 51 

 52 

Accurate measurement of IAP in human medicine has become an increasingly important 53 

monitoring tool for critically ill patients.  Intra-abdominal hypertension in humans is defined as 54 

sustained IAP ≥ 12 mm Hg.
1
 Complications associated with protracted IAH include reduced 55 

microcirculatory blood flow to viscera, development of organ dysfunction, and possible organ 56 

failure. Abdominal perfusion pressure is a calculated index of abdominal blood flow (MAP –57 

Page 3 of 31 American Journal of Veterinary Research



For Review
 O

nly

IAP) and has been proposed as an accurate predictor of visceral perfusion and an end point for 58 

resuscitation.
2,3

 Abdominal compartment syndrome describes the natural progression of pressure-59 

induced organ changes that develop if IAH is not recognized and treated in a timely manner.
1
 In 60 

critically ill humans, IAH is a risk factor for organ failure and fatality.
4
 Mortality rates associated 61 

with abdominal compartment syndrome in critically ill adults and children range from 50% to 62 

60%.
5
   63 

 64 

Identification of IAH and abdominal compartment syndrome in any species requires accurate 65 

measurement of IAP. In humans, indirectly measured intravesicular pressures are considered 66 

accurate and can be used for serial acquisition of IAP.
1
 Many variables, including body position, 67 

directly affect abdominal pressures.
6–11

 Therefore, it is advised that IAP measurements be 68 

obtained with the person in supine recumbency.
1,12

 Body position can also affect directly 69 

measured IAP in dogs anesthetized with short-term TIVA.
13 

Standardized methods of IAP 70 

measurement in horses and reference range values are lacking. Previous reports
14,15

 in horses 71 

have indicated that direct intraperitoneal cannulation is the most accurate method, with reduced 72 

variation of IAP, compared with results for indirect intravesicular or intragastric techniques. 73 

Furthermore, IAP can differ depending on the location in the abdomen of standing horses.
16

 To 74 

our knowledge, the effect of body position on directly measured abdominal pressure has not been 75 

evaluated and must be examined if IAP is to be a potentially useful monitoring tool in critically 76 

ill equine patients.  77 

 78 

Page 4 of 31American Journal of Veterinary Research



For Review
 O

nly

Manipulation of body position in horses requires anesthetic immobilization. Sedation and TIVA 79 

are frequently used in horses to facilitate minor procedures performed by practitioners in both 80 

field and hospital settings. In humans with IAH, administration of sedatives is a nonsurgical 81 

method for lowering IAP through abdominal wall relaxation.
17,18

 Investigators in a recent study
16

 82 

found that right flank IAP in clinically normal unsedated standing horses was similar to that 83 

reported in another study
14

 in which horses were sedated by administration of detomidine 84 

administered 30 minutes before IAP measurement. This indicated that sedative administration 85 

may have negligible effects on IAP in clinically normal horses. Although the effects of sedation 86 

and various anesthetic regimens on systemic hemodynamic variables have been characterized in 87 

healthy horses,
19–22

 IAP and APP in sedated horses and horses anesthetized with TIVA and 88 

placed in various body positions are currently unknown. 
 
 89 

 90 

The purpose of the study reported here was to determine whether body position influences IAP 91 

and APP in healthy horses under clinically relevant conditions. Results of the study may be 92 

useful in subsequently developing standardized methods for acquisition of IAP measurements 93 

that can be applied in both field and hospital settings to horses with abdominal disease. We 94 

hypothesized that direct measurement of abdominal pressures (IAP and APP) at 3 sites in healthy 95 

standing horses will not be affected by sedation achieved by IV administration of xylazine but 96 

that abdominal pressures at the 3 sites will be affected by body position of horses anesthetized 97 

with TIVA. Specifically, an increase in IAP and decrease in APP is anticipated whenever the 98 

respective site of measurement is closer to the ground, compared with values when the 99 

measurement site is farther from the ground.  100 
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 101 

Materials and Methods 102 

Animals—Nine university-owned adult (> 1 year old) female horses of various breeds were 103 

included in the study. Horses were considered free of abdominal disease on the basis that no 104 

abnormalities were detected during physical examination and per rectal examination, there was 105 

no history of colic or abdominal surgery during the preceding 6 months, and no abnormalities 106 

were detected during transabdominal or transthoracic ultrasonography.  The animal use protocol 107 

and all experimental procedures were approved by the institutional animal care and use 108 

committee of The Ohio State University as well as the institutional clinical trials office and 109 

hospital clinical research advisory committee. All procedures complied with the National 110 

Institutes of Health standards for the ethical treatment of animals.  111 

 112 

Instrumentation—In an attempt to standardize the amount of material in the gastrointestinal 113 

tract among the study population, 4 L of mineral oil were administered via nasogastric intubation 114 

and food was withheld for 24 hours before instrumentation. Water was withheld for 6 hours 115 

before instrumentation and any experiments. Horses were housed in temperature-controlled 116 

(25°C) indoor stalls. All horses were weighed and assigned a body condition score
23

 immediately 117 

prior to instrumentation. 118 

 119 

Nonsedated horses were placed in a standing position in stocks for instrumentation. Sites for 120 

catheter insertion were clipped and aseptically prepared by use of chlorhexidine gluconate and 121 
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isopropyl alcohol. Local anesthesia was achieved by SC injection 8of mepivacaine,
a9 and a 14-122 

gauge, 5.25-inch catheter
b
 was placed in the left jugular vein and secured with 2-0 polypropylene 123 

suture
c
 to provide venous access in all horses. Local anesthesia was achieved by SC injection 124 

8of mepivacaine, and a 20-gauge, 1.25-inch catheter
d
 was placed in a transverse facial artery or 125 

facial artery for direct measurement of arterial blood pressures (SAP, MAP, and SAP). The 126 

arterial catheter was secured to skin with cyanoacrylate glue and connected to an 84-cm-long 127 

extension set that was filled with heparinized saline (0.9% NaCl) solution; the extension set was 128 

attached to the horse’s halter. 129 

 130 

Intra-abdominal cannulation was performed as a modified abdominocentesis at 3 locations in the 131 

abdomen (right flank, left flank, and ventrum). The flank sites for cannulation were midway 132 

between the center of the tuber ischii and the cranial eminence of the greater tubercle of the 133 

humerus at a point 12 cm caudal to the last rib.
14

 The ventral abdominal cannula site was 134 

identified by visual inspection of the standing horse, and the shortest ground-to-abdomen 135 

distance was determined with a tape measure (typically on the linea alba at a point 10 to 15 cm 136 

caudal to the xiphoid process). A 5 X 5-cm area at each cannulation site was clipped and 137 

aseptically prepared by use of chlorhexidine gluconate and isopropyl alcohol. Mepivacaine (8 138 

mL) was locally infiltrated, and a No.15 scalpel blade was used to make a stab incision into the 139 

skin and subcutis. 140 

 141 

Measurement of IAP—Direct measurement of IAP was obtained via a 3-way stopcock attached 142 
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to a sterile 10-gauge 10-cm metal teat cannula filled with heparinized saline solution. Sterile 143 

water-based lubricant was applied at the site of cannula insertion to prevent entry of air and 144 

development of pneumoperitoneum. The cannula was inserted through the body wall and 145 

peritoneum into the intra-abdominal space and held in position by an assistant as reported 146 

elsewhere.
14,16

 Placement through the peritoneum was confirmed by obtaining peritoneal fluid or 147 

by a lack of resistance to flushing with sterile saline solution (< 2 mL). The cannula was 148 

connected to an 84-cm-long extension set filled with heparinized saline solution. The other end 149 

of the extension set was attached to a pressure transducer
e
 and electronic manometer

f
 for data 150 

collection as reported elsewhere.
16,24 

The transducer was checked against other transducers prior 151 

to experimentation and the manometer was calibrated annually. For IAP measurement, the 152 

transducer was set to zero at the level of cannula insertion into the abdomen, and the 3-way 153 

stopcock then was turned to the open position at the cannula end.
14–16,24

 Each pressure was 154 

recorded in triplicate at the end of expiration as is standard in human medicine.
1
  155 

 156 

Arterial blood pressures were obtained by connecting the arterial catheter to a pressure 157 

transducer. The transducer for blood pressure was set to zero at the level of the point of the 158 

shoulder (estimated level of the right atrium) for standing horses and horses in dorsal 159 

recumbency, and at the level of the sternum for horses in right or left lateral recumbency.  Direct 160 

measurements of arterial pressure were recorded simultaneously with IAP measurements. The 161 

transducer for arterial pressures was reset to zero after anesthetized horses were repositioned. All 162 

pressure recording systems involved polypropylene tubing 10filled with heparinized saline 163 

solution, which was visually assessed for the presence of air bubbles prior to connection to a 164 
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horse. When air bubbles were detected, the tubing was with heparinized saline solution until 165 

bubbles were no longer evident. All pressure recording systems were assessed for dampening 166 

with the square-wave flush test and visual inspection of the pressure waveform for 167 

underdampening or overdampening, whereby no appreciable effect of dampening was 168 

observed.
25

  169 

 170 

Hemodynamic and intra-abdominal variables assessed during the experiments included heart rate 171 

determined by ECG, respiratory rate, SAP, MAP, DAP, and IAP at each of the 3 abdominal 172 

locations (left flank, right flank and ventral). The APP was calculated for each site of IAP 173 

measurement by use of the following equation: APPx = MAPx – IAPx, where x is the abdominal 174 

location (ie, left flank, right flank, or ventral). 175 

 176 

Experimental procedures—After instrumentation was completed, horses were allowed to stand 177 

in the stocks uninterrupted for 10 minutes. Baseline hemodynamic and intra-abdominal pressures 178 

then were obtained. The intraperitoneal cannulas were removed. Horses were moved to an 179 

induction stall and medicated with xylazine hydrochloride
g
 (1.1 mg/kg, IV). The intraperitoneal 180 

cannulas were replaced. Five minutes after xylazine administration, horses were assessed to 181 

determine adequate sedation (lowered head and minimal response to external stimuli) and all 182 

variables were measured. Intraperitoneal cannulas were again removed. Anesthesia was induced 183 

by IV administration of ketamine hydrochloride
h
 (2.2 mg/kg) and diazepam

i
 (0.075 mg/kg). 184 

Anesthesia was maintained with a continuous infusion of ketamine (2 mg/mL of solution) and 185 

guaifenesin guacolate in 5% dextrose solution (50 mg of guaifenesin/mL of solution). Rate of the 186 
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ketamine-guaifenesin infusion was adjusted to maintain a light plane of anesthesia (minimal to 187 

no nystagmus and no spontaneous movements of the limbs, head, or neck) to facilitate animal 188 

positioning. Horses were intubated with a 26-mm cuffed orotracheal tube and allowed to 189 

spontaneously breathe room air (fraction of inspired oxygen, 0.21).  190 

 191 

The order of recumbency positions for each horse was determined with a randomization 192 

procedure (a web-based random number generator
 j
). Each horse was placed in each recumbency 193 

position twice during an experiment. If the same position was designated consecutively, then the 194 

horse was placed in a different recumbency (but without obtaining measurements) before being 195 

returned to the designated recumbency. For example, when a specific lateral recumbency 196 

position was designated consecutively, then the default different recumbency was the opposite 197 

lateral side (ie, if right lateral recumbency were consecutively assigned, the measurements were 198 

obtained with the horse in right lateral recumbency, the horse then was placed in left lateral 199 

recumbency but no measurements were obtained, and the horse then was repositioned into right 200 

lateral recumbency and measurements were obtained). When dorsal recumbency was 201 

consecutively designated, then the different recumbency was the opposite lateral recumbency to 202 

that which had been most recently used (ie, if a horse had most recently been positioned in right 203 

lateral recumbency before consecutive designations of dorsal recumbency, then measurements 204 

were obtained with the horse in dorsal recumbency, the horse was positioned in left lateral 205 

recumbency but no measurements were obtained, and the horse then was repositioned in dorsal 206 

recumbency and measurements were obtained). Horses in dorsal recumbency were manually 207 

supported by 4 assistants; one was positioned at each limb. 11 208 
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 209 

Measurements were obtained, cannulas were removed, horses were repositioned, and cannulas 210 

then were reinserted. Horses were manually rolled from one body position to the next. A 2-211 

minute period was allowed after manipulation of a horse into a new body position prior to data 212 

collection. Ventral IAP was obtained for all 3 recumbency positions. The IAP at the left flank 213 

was obtained when horses were in right lateral and dorsal recumbency, whereas IAP at the right 214 

flank was obtained when horses were in left lateral and dorsal recumbency.  215 

 216 

After data collection was completed, intraperitoneal cannulas were removed and the skin 217 

incisions were stapled. Horses remained anesthetized and were immediately enrolled into another 218 

unrelated study. Horses were euthanized after completion of that unrelated study. 219 

 220 

Statistical analysis—All hemodynamic and intra-abdominal pressure variables were measured 221 

in triplicate for each site of measurement and each recumbency. The mean of the 3 values was 222 

used for statistical analysis. Variability of IAP and MAP obtained for the duplicated 223 

recumbencies (ie, twice each for dorsal, left lateral, and right lateral recumbency) was calculated 224 

by use of the following equation:  225 

Variability = ([Y1 sample mean] – [Y2 sample mean])/([ {Y1 sample mean + Y2 226 

sample}/2]) X 100 227 
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where Y1 and Y2 are the first and second measurements obtained for a body position (left 228 

lateral, right lateral, or dorsal recumbency). An arbitrary clinical cutoff value of ≤ 12% was 229 

considered acceptable variability for both IAP and MAP.  230 

 231 

Statistical testing was performed with commercial software programs.
k,l

  Data were assessed for 232 

normality with the Shapiro-Wilk and D’Agostino & Pearson omnibus normality tests and found 233 

to have a Gaussian distribution. Data were reported as mean ± SD or 95% CI unless otherwise 234 

stipulated. Effect of xylazine on all variables (baseline value versus value after xylazine 235 

medication) was assessed with paired t tests. Intra-abdominal pressure, MAP, and APP were 236 

obtained for 2 cannula locations when horses were in lateral recumbency and 3 locations when 237 

horses were in dorsal recumbency, which resulted in an unbalanced incomplete block design. 238 

The effect of body position on IAP, MAP, and APP for the ventral cannula site was assessed 239 

with a repeated-measures 1-way ANOVA with Holm-Sidak post hoc testing. The effect of body 240 

position on IAP, MAP, and APP for the flank cannula sites was assessed with paired t tests. 241 

Significance was set at values of P < 0.05 for all analyses. 242 

 243 

Results 244 

Horses—The median age of the 9 horses was 21 years (interquartile range, 13 to 25 years). 245 

There were 5 geldings and 4 mares; none of the mares was pregnant. Breeds included were 246 

Quarter Horse (n = 5), Thoroughbred (2), Standardbred (1), and Rocky Mountain Horse (1). 247 

Median body condition score (scale of 1 to 9) was 5 (range, 3 to 8). Median body weight of the 248 

horses was 485 kg (interquartile range, 439 to 528 kg).  249 
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 250 

All horses completed the study. Mean ± SD duration of anesthesia for data collection was 27 ± 251 

3.4 minutes. Median rate for infusion of the ketamine-guaifenesin solution was 2.06 mL/kg/h 252 

(95% CI,12 1.89 to 2.28 mL/kg/h). Median rate for administration of ketamine and guaifenesin 253 

guacolate was 4.12 mg/kg/h (95% CI,12 3.79 to 2.28 mg/kg/h) and 103.09 mg/kg/h (95% CI,12 254 

94.70 to 113.90 mg/kg/h), respectively.  One horse received an additional 200 mg of ketamine 255 

IV during the experiment.  256 

 257 

Effect of xylazine on hemodynamic and intra-abdominal pressures in horses—At 5 minutes 258 

after injection of xylazine, all horses were clinically sedated (to a level adequate for anesthetic 259 

induction). The head was lowered and the horse was minimally responsive to external stimuli. 260 

Sedation did not have a significant effect on any measured variable (Table 1). 261 

 262 

Effect of body position on abdominal pressures in anesthetized horses—There was ≤ 10% 263 

variability in mean IAP values obtained for each cannula site for each duplicate recumbency (eg,  264 

between the first and second positioning in left lateral recumbency). There was ≤ 12% variability 265 

in the MAP obtained for each duplicate recumbency.   266 

 267 

Ventral IAP was significantly (P < 0.001) lower when horses were in dorsal recumbency, 268 

compared with values obtained when horses were in left or right lateral recumbency. Left flank 269 

Page 13 of 31 American Journal of Veterinary Research



For Review
 O

nly

IAP and right flank IAP were significantly (P < 0.001) higher when horses were in dorsal 270 

recumbency, compared with values obtained when horses were in lateral recumbency. Directly 271 

measured MAP was significantly (P < 0.001) lower when horses were positioned in dorsal 272 

recumbency, compared with MAP when horses were positioned in left or right lateral 273 

recumbency . Ventral APP did not differ significantly (P = 0.23) among the 3 recumbency 274 

positions. The APP was significantly lower for the left flank (P < 0.001) and right flank (P = 275 

0.002) when horses were positioned in dorsal recumbency, compared with values measured 276 

when horses were in lateral recumbency (Table 2).  277 

 278 

Discussion 279 

Direct techniques for measurement of IAP in horses are repeatable and are currently considered 280 

to be the most accurate method of acquisition.
14,15

 Values for IAP obtained from the flank and 281 

ventral aspect of the abdomen of standing horses in the present study were comparable to those  282 

reported by use of the same anatomic landmarks for identification in healthy horses.
14–16

 283 

 284 

In the present study, we found that hemodynamic and intra-abdominal pressures were unchanged 285 

in healthy standing horses in response to IV administration of xylazine. A reduction in heart rate 286 

and respiratory rate as well as a brief period of hypertension (followed by hypotension) has been 287 

reported after administration of α2-receptor agonists,
21,26

 which is in contrast to the results 288 

obtained for the study reported here in which no change in heart rate, respiratory rate, or blood 289 

pressure was observed after horses were sedated. Although the horses in the present study were 290 

conditioned to their environment and did not display excitement or anxious behavior prior to 291 
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xylazine administration, we speculate that the process of instrumentation (without sedation) as 292 

well as movement to the induction stall may have acted as a stimulus to the sympathetic nervous 293 

system that affected the hemodynamic response to xylazine.  294 

 295 

To our knowledge, the effect of IV administration of xylazine on IAP has not been evaluated in 296 

horses. Sedative administration is used as one type of medical management for IAH in humans, 297 

which results in an increase in abdominal compliance and subsequent reduction in IAP.
17,18

 298 

Therefore, results of the present study are in contrast with those reported in the human literature; 299 

however, in contrast to critically ill humans whereby patients are in a supine position during IAP 300 

measurement,  the study population for the present study comprised standing healthy horses 301 

without preexisting abdominal distension. We speculate that the effects of xylazine and other 302 

sedatives may differ in recumbent horses with abdominal disease and potential IAH; however, 303 

additional studies are needed to make that determination. Species differences in abdominal 304 

conformation, effect of the amount of material in the gastrointestinal tract, body condition score, 305 

and IAP acquisition method may also have accounted for these contrasting findings. Analysis of 306 

the limited data for horses suggests that there is an effect of body weight on directly measured 307 

IAP,
14

 and given the wide range of body condition scores of horses in the present study, future 308 

studies designed to specifically investigate the effect of body weight and body condition on IAP 309 

are warranted.   310 

 311 

The common use of sedatives in equine practice suggests that strategic sedation might offer a 312 

practical method for medical management of IAH in a clinical setting, assuming sedation is 313 

Page 15 of 31 American Journal of Veterinary Research



For Review
 O

nly

found to be efficacious for reducing IAP in horses with abdominal disease. Further investigation 314 

is required in this area. The use of sedatives in humans reportedly reduces variations in IAP 315 

measurements by reducing fluctuations in abdominal wall compliance.
27

 We did not observe 316 

substantial variation in the horses of the present study; however, we were investigating the 317 

effects of xylazine in clinically normal standing horses. Abdominal pain in horses and 318 

consequent distension of the abdomen might contribute to wider variations in IAP. Evaluations 319 

of horses with IAH to investigate IAP variation would be a logical step to determine optimum 320 

conditions for the development of standardized methods for the acquisition of IAP. We did not 321 

find a significant decrease in IAP after IV administration of a 1.1 mg/kg dose of xylazine to 322 

healthy horses, despite the observed clinical effects of sedation; however, further studies are 323 

required before definitive conclusions can be made in this area. 324 

 325 

In the present study, IAP measured at 3 locations in the abdomen of horses resulted in 326 

differences between the values obtained for each site, in response to changes in body position.  327 

IAP was increased at the ventral site when horses were positioned in lateral recumbencies and 328 

decreased when horses were positioned in dorsal recumbency. The IAP obtained from the flank 329 

positions of cannulation was high when horses were positioned in dorsal recumbency but lower 330 

when horses were in lateral recumbencies. In humans, the effect of body position on IAP is 331 

clearly established.
1
 Studies in humans

6–11
 reveal that lateral recumbency and various 332 

semirecumbent positions (supine positioning with head-of-bed elevation) result in significant 333 

increases in IAP, compared with values obtained for patients strictly in a supine position. Values 334 

for IAP in humans reportedly are highest when a patient assumes an upright position.
28

 The 335 

results from these humans studies were all obtained by use of the human consensus intravesicular 336 
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acquisition method for IAP.
1
 In contrast to results for humans,

29,30
 indirect methods of IAP 337 

measurement in horses are poorly correlated with direct intraperitoneal cannulation.
14,15

 Body 338 

position also affects IAP in dogs.
13

  In that study,
13

 investigators found that direct measurement 339 

of IAP with an intraperitoneal catheter filled with saline solution yielded higher values with dogs 340 

in upright, lateral, and prone positions, compared with results for dogs in a supine position. To 341 

our knowledge, the effect of body position on IAP in horses has not been investigated 342 

previously, but the findings for the present study are in concordance with those of other species. 343 

Body position is a variable that must be considered when developing a standardized, reliable, and 344 

repeatable method for abdominal pressure acquisition. 345 

 346 

It has been postulated that the human abdominal cavity behaves as a homogenous hydraulic fluid 347 

system in accordance with the dynamics of Pascal’s law.
1,9,31

 Pascal’s law states that the pressure 348 

exerted anywhere in a confined noncompressible fluid is transmitted equally in all directions 349 

throughout the fluid, such that the pressure ratio (initial difference) remains the same. Such a 350 

hypothesis means that IAP should remain constant, regardless of body position; however, several 351 

human studies
1,6-11 

as well as the present study in horses provide contradictory findings. In a 352 

study
13

 in dogs, investigators found that 3 factors (gravity, visceral shear deformation, and 353 

visceral compression) are involved in the determination of IAP. Forces of gravity and visceral 354 

shear are considered negligible for human patients lying in a supine position. In such 355 

circumstances, visceral compression will correlate directly with intravesicular pressure and IAP.
7 

 356 

Therefore, recumbency in a supine position allows the abdomen to behave as a hydraulic system.  357 

In other body positions, however, shape-unstable viscera (ie, the bladder) become deformed and 358 

change abdominal pressure dynamics away from a simple hydrostatic system.
8
  359 
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 360 

Exact reasons why changes in body position alter IAP remain incompletely defined, but several 361 

interacting forces may explain the heterogeneous behavior of the abdomen when patients are 362 

placed in different recumbencies.  Manipulating recumbency positions in horses changes the 363 

intra-abdominal cannula height relative to the bulk of abdominal mass and will increase or 364 

decrease gravitational and shear forces accordingly for each of the fixed cannula sites used for 365 

this study protocol. The intraperitoneal cannulas were presumed to be in direct contact with 366 

gastrointestinal viscera, and we propose that the main effect of body position on IAP was related 367 

to movement of viscera and forces of gravity as recumbency was manipulated. 368 

 369 

The effects of body position on cardiopulmonary variables have been reported in horses for 370 

various conditions, including prolonged anesthesia,
32,33

 inhalation anesthesia,
32–36

 and positive-371 

pressure ventilation.
36,37

 However, the effect of changing recumbency positions on directly 372 

measured IAP and calculated APP have not been reported. The MAP is one of the variables 373 

required to calculate APP, and we found in the present study that MAP was lower when horses 374 

were in dorsal recumbency, compared with MAP when horses were in lateral recumbency. The 375 

same effect on blood pressure has been reported in halothane-anesthetized ponies with 376 

comparable manipulation of position.
36

 Another study
38

 performed in dogs anesthetized by IV 377 

administration of anesthetic agents (a proportion of which were spontaneously breathing room 378 

air) revealed that blood pressure and systemic vascular resistance were significantly lower when 379 

dogs were placed in a supine position, compared with results when dogs were in lateral 380 

recumbency. We speculate that the change in MAP identified by this study
38

 in dogs is the direct 381 
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result of changes in body position and may be attributable to the weight of abdominal organs 382 

compressing the caudal vena cava. Such compression could lead to a decrease in venous return to 383 

the heart, which would be followed by a reduction in cardiac output and a subsequent decrease in 384 

arterial blood pressure. Similar physiologic processes have been described for pregnant women 385 

in the context of human aortocaval compression syndrome.
39

 It is important that these changes in 386 

MAP with alterations in body position are considered because MAP is integral for the calculation 387 

and interpretation of APP. 388 

 389 

Calculated APP is a concept analogous to the widely accepted notion of cerebral perfusion 390 

pressure (ie, the difference between MAP and intracranial pressure).
12

 However, the boundaries 391 

of the skull are nonpliable, whereas the abdominal wall is typically compliant. Therefore, it is 392 

possible that APP has a wider range of reference values and more variation in healthy subjects 393 

than does cranial perfusion pressure. Given the physiologic processes of pressure and high 394 

compliancy of the equine abdomen, we speculate that APP ranges in horses might be more 395 

expansive than other species. 13 This point of discussion warrants further investigation and 396 

should include comparative evaluation among species, in addition to consideration of anatomic 397 

features such as diaphragmatic shape. 398 

 399 

In the present study, we found that when the ventral cannula site was used as a point of 400 

reference, APP remained unchanged regardless of body position. This is because ventral IAP and 401 

MAP increased or decreased by comparable magnitudes in response to manipulation of 402 

recumbency position. When the left or right flank cannula sites were used as reference points for 403 
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abdominal pressures, IAP and MAP increased or decreased in opposite directions in response to 404 

a change in body position; therefore, values of calculated perfusion pressure were different for 405 

lateral versus dorsal recumbency.  It has been proposed that APP can be used as a predictor of 406 

fatality and may serve as an optimal endpoint for fluid resuscitation in human critical care 407 

medicine; however, its usefulness has not yet been fully determined.
2
 It is important to remember 408 

that APP is a calculated estimation of visceral perfusion. Because location of IAP acquisition and 409 

body position both appear to be variables affecting calculated values in horses, interpretation and 410 

clinical importance of APP is currently unknown. A standardized method for IAP acquisition is 411 

required, which should then be followed by comparison of the resultant APP value with results 412 

for other quantifiable methods of visceral perfusion. Investigating IAP measurements in horses 413 

with clinical abdominal disease by use of the same 3 locations that were used in the present study 414 

might prove useful for determining the utility of obtaining a pressure from the ventral location 415 

during routine abdominocentesis in order to identify horses with IAH. Moreover, use of the 416 

ventral location to monitor the response to medical or surgical treatments would aid in the 417 

understanding of abdominal pressure dynamics in horses with colic.  418 

 419 

The data obtained in the present study are applicable to systemically healthy horses that may be 420 

subjected to short-term anesthesia with TIVA. The impact of inhalation anesthesia, positive- 421 

pressure ventilation, and longer durations of anesthesia on hemodynamic and abdominal 422 

perfusion indices remains to be determined, especially for those patients considered to be at high 423 

risk for IAH (ie, surgical colic) positioned in dorsal recumbency. These data may serve as 424 

preliminary reference values for future studies conducted to investigate the role of APP in the 425 

context of IAH, colic, and other abdominal disturbances of horses.   426 
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 427 

Limitations of the study included the use of TIVA to enable us to manipulate body position. 428 

However, it would not have been possible to obtain these data without anesthetizing the horses. 429 

The anesthetic drugs chosen for use were designed to minimize cardiovascular instability. All 430 

horses were orotracheally intubated to minimize any increase in airway resistance associated 431 

with anesthesia that could lead to increases in IAP as a result of high inspiratory airway pressure. 432 

The effects of skeletal muscle relaxants used in the study may have impacted abdominal 433 

compliance (and caused decreases in IAP); however, almost all anesthetic protocols include a 434 

component to induce muscle relaxation as a typically desired effect.  435 

 436 

The anesthesia used in the present study provides only initial information on IAP and APP, and 437 

the impact of different anesthetic protocols on abdominal pressure variables requires further 438 

investigation. The effect of anesthesia over time on hemodynamic and intra-abdominal pressures 439 

may also have introduced bias to the results we obtained; however, patient positioning was 440 

randomized such that the order of recumbencies was not predetermined or consistent for every 441 

horse. The variation in pressure measurements was good (< 10 %) but not perfect. The 2-minute 442 

period between changes in recumbency positions and subsequent measurements may have been 443 

insufficient to achieve a steady-state IAP. Further studies with different intervals would be 444 

needed to determine whether it was sufficient.  445 

 446 

We did not measure variables in horses positioned in sternal recumbency. Arterial blood 447 

pressures in horses positioned in sternal recumbency during isoflurane-induced anesthesia are 448 
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similar to those when horses are positioned in dorsal and lateral recumbency.
34

 We intended to 449 

determine changes in measured pressures in response to clinically relevant body positions. It is 450 

uncommon for a horse to be positioned in sternal recumbency for a procedure. Dorsal-to-lateral 451 

recumbency and lateral recumbency alone are extremely common positions and were the focus 452 

of the experiments. 453 

 454 

Another area for consideration includes the fact that IAP was measured at end expiration, rather 455 

than end inspiration, as has been the case for some of the evaluations of IAP in horses.
14

 The 456 

human literature reports that IAP values can be increased at end inspiration and with positive-457 

pressure ventilation
40

 (because of a corresponding increase in thoracic cavity pressure, which 458 

results in transfer of pressure to the abdomen); thus, the current consensus for critically ill people 459 

is to measure IAP at end expiration to attain the most accurate and repeatable values.
1
 To our 460 

knowledge, there is no information currently available in the veterinary literature to support the 461 

use of measurements obtained during either phase of the respiratory cycle; therefore, we chose a 462 

protocol in concordance with the consensus for humans. It is possible that the optimal time 463 

within the respiratory cycle for measurement of IAP differs between horses and humans because 464 

of species differences in the respiratory pattern; however, further investigation is required in this 465 

area. The authors propose that this variable is more important in horses with abdominal 466 

distension and in those with an increased rate or depth of breathing than in healthy horses.   467 

 468 

The fact that intra-abdominal cannulas were removed and reinserted during the transition 469 

between body positions is another point of discussion for the present study. This method was 470 
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required during movement of horses and manipulation of body position to prevent damage to the 471 

abdominal wall or organs and breakage of the cannulas. Walking and changes in body position 472 

resulted in substantial discordant movement of the penetrated soft tissue; thus, reinsertion of the 473 

cannulas ensured instruments were correctly positioned and that there was direct communication 474 

with the peritoneal cavity. The depth of the abdominal wall and overlying skin resulted in closure 475 

of the penetrating tract once cannulas were removed. The small areas of hair that were clipped at 476 

the cannula insertion sites during patient preparation allowed for easy identification of these 477 

locations for cannula reinsertion. Repeatability of IAP measurements was good, which indicated 478 

that previous cannulation of the abdomen did not affect values obtained during the second 479 

measurement. Thus, the authors believe that the method was appropriate and that cannula 480 

manipulation did not result in bias during data acquisition. 481 

 482 

For the present study, we did not detect significant changes in IAP, MAP, or APP in response to 483 

sedation achieved by administration of xylazine in healthy standing horses. We found that 484 

manipulation of body position in horses anesthetized with TIVA significantly changed IAP and 485 

APP obtained at various sites throughout the abdomen in addition to lowering MAP for horses 486 

positioned in dorsal recumbency. Standardized protocols for the measurement of IAP in horses 487 

have not yet been developed and are required before use in a clinical setting. The repeatability of 488 

measurements and simplicity of the modified-abdominocentesis technique for the study reported 489 

here lends itself to use in further investigations. Such investigations should include the 490 

evaluation of abdominal pressures in horses with abdominal disease (eg, colic) to determine the 491 

prevalence of IAH and the efficacy of therapeutic interventions. 492 

493 
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Footnotes 14 494 

a. Carbocaine, Hospira, Lake Forest, Ill. 495 

b. Angiocath, Becton Dickinson, Franklin Lakes, NJ. 496 

c. Surgipro, Covidien, Mansfield, Mass. 497 

d. Surflo, Terumo Medical, Somerset, NJ. 498 

e. Truwave pressure transducer, model PX36N, Edward Lifesciences, Irvine, Calif. 499 

f. Datascope Passport, Maquet GmbH & Co KG, Rastatt, Germany. 500 

g. Anased, Akorn Inc, Decatur, Ill.  501 

h. Ketaset, Fort Dodge Animal Health, Fort Dodge, Iowa. 502 

i. Diazepam, Hospira, Lake Forest, Ill. 503 

j. RANDOM.ORGTitle of webpage. Available at: www.random.org. Accessed March, 21-504 

31, 2011month, day, year.15 505 

k. Prism, version 5.0, GraphPad Software Inc, San Diego, Calif. 506 

l. Excel, Microsoft Corp, Mountain View, Calif. 507 

508 
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Table 1—Mean (95% CI) values for hemodynamic and abdominal pressure variables before and 611 

after administration of a sedative preanesthetic medication in 9 healthy standing horses. 18 612 

Variable Baseline After preanesthetic 

medication 

P value* 

IAP (mm Hg)    

  Left flank  –3.2 (–5.2 to –3.2) –5.1 (–7.9 to –2.3) 0.12 

  Right flank  –5.1 (–7.5 to –2.8) –5.1 (–7.0 to –3.3) 0.51 

  Ventral  25 (22 to 27) 25 (22 to 28) 0.54 

    

SAP (mm Hg) 134 (126 to 141) 140 (120 to 160) 0.56 

MAP (mm Hg) 103 (92 to 113) 100 (86 to 113) 0.71 

DAP (mm Hg) 80 (72 to 88) 81 (63 to 99) 0.92 

Heart rate (beats/min) 35 (30 to 40) 36 (33 to 39) 0.56 

Respiratory rate (breaths/min) 14 (13 to 16) 14 (13 to 15) 0.53 

    

APP (mm Hg)†    

  Left flank 106 (95 to 117) 103 (88 to 118) 0.88 

  Right flank 108 (97 to 119) 103 (89 to 118) 0.71 

  Ventral  78 (67 to 89) 73 (59 to 87) 0.65 

 613 

After instrumentation was completed, horses were allowed to stand in the stocks uninterrupted 614 

for 10 minutes; baseline hemodynamic and intra-abdominal pressures then were obtained. Horses 615 

were moved to an induction stall and medicated with xylazine hydrochloride (1.1 mg/kg, IV). All 616 

variables were measured again 5 minutes after xylazine administration. 617 

*Considered significant at P < 0.05. †Calculated as MAP – IAP. 618 
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Table 2—Mean ± SD (95% CI) values of directly measured IAP, MAP, and calculated APP for 9 619 

healthy anesthetized horses placed in various positions. 18 620 

 Left lateral recumbency  Right lateral recumbency   Dorsal recumbency 621 

Cannula  622 

location IAP MAP APP       IAP         MAP             APP  IAP   MAP  APP 623 

Left flank NA NA NA  –5.4 ± 3.3     95.0 ± 19.3 100.0 ± 21.3 15.3 ± 4.6*  69.0 ± 14.2     54.0 ± 17.3* 624 

(–8.0 to –2.9)  (80.1 to 110.0)  (84.1 to 116.9) (11.8 to 18.8)  (58.2 to 79.8)  (40.5 to 67.0) 625 

 626 

Right flank  –8.1 ± 2.1 82.5 ± 19.2  91.0 ± 18.8  NA NA NA  15.3 ± 5.6*  70.4 ± 11.9     55.0 ± 14.6* 627 

 (–9.7 to –6.5)  (67.8 to 97.3)  (76.2 to 105.1)     (11.1 to 19.5)  (61.3 to 79.6)  (43.9 to 66.4) 628 

 629 

Ventral 11.3 ± 3.3  83.6 ± 14.9  72.0 ± 15.7 13.0 ± 7.1  93.4 ± 17.0     80.0 ± 20.9 –6.7 ± 2.4*  68.8 ± 11.8*     76.0 ± 13.4 630 

(8.8 to 13.9)  (72.3 to 95.1)  (60.2 to 84.4) (7.5 to 18.5) (80.3 to 106.5) (64.3 to 96.5) (–8.5 to –4.9)  (59.8 to 77.9)  (65.2 to 85.2) 631 

 632 

*Within a row, value differs significantly (P < 0.05) from the corresponding value for other body 633 

positions.  634 
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