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Full Scientific Report

Introduction

Kidney injury in horses can result from a variety of etiolo-
gies, including hypotension, endotoxemia, pigmenturia, 
infectious agents, nephrotoxic medications, and exogenous 
toxins, and may progress to clinically significant renal dys-
function.8 Estimation of glomerular filtration rate, proposed 
as the closest representation of renal function, is typically 
complex and time-consuming and is not practical in most 
clinical situations.31 Currently available methods to assess 
kidney damage and effects on renal function in equine prac-
tice include measurement of plasma creatinine and urine spe-
cific gravity (USG), examination of urine sediment, and 
calculation of urine fractional excretion of electrolytes and 
urine gamma-glutamyl transferase (GGT) index.31 Although 
these tests are generally widely available, there are limita-
tions to their abilities to detect acute kidney injury (AKI) and 
estimate severity of damage, especially following adminis-
tration of fluid therapy or alpha-2 adrenergic agonists.28,31,36

N-acetyl-β-D glucosaminidase (NAG) is a lysosomal 
enzyme found in proximal renal tubular epithelial cells. Its 
large molecular size prevents filtration from systemic sources 
at the glomerulus, but low amounts of urine NAG are detect-
able in normal subjects because of physiologic exocytosis 
into the tubular lumen.26 Urine NAG is increased following 
tubular damage or dysfunction from a variety of causes, 

including drug toxicity, exposure to heavy metals, and dia-
betic nephropathy.41–43 By comparing NAG enzyme activity 
to urine creatinine concentration, which is expressed as an 
index, the effects of alterations in urine concentration on 
enzyme measurements can be minimized, allowing use of 
single urine sample measurements.13,40

In rats, dogs, sheep, and human neonates, administration 
of known nephrotoxic drugs, including gentamicin and keto-
profen, has been shown to increase urine NAG indices, often 
prior to or in the absence of significant changes in serum 
creatinine.2,7,18,27,41,44 Correlation between urine NAG index 
and severity of renal lesions was demonstrated in experimen-
tal canine models of aminoglycoside nephrotoxicity.2,44 
Urine NAG indices in healthy humans do not seem to be 
affected by exercise, hydration status, or urine flow rate.13,20,35 
No influence of circadian rhythm was found in healthy cats.39 
Therefore, urine NAG demonstrates considerable promise in 
facilitating diagnosis of tubular injury prior to detectable 
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changes in more traditional markers. Additionally, urine 
NAG appears to be superior to serum creatinine or urine 
production for predicting mortality or need for dialysis in 
humans with AKI.17

The ability to identify equine kidney injury in an early 
stage is critical for instituting appropriate treatment to mini-
mize the potential for permanent compromise of renal func-
tion. From investigation in other species, urine NAG shows 
the potential to improve early detection of renal insult and 
could be useful for monitoring patients being treated with 
aminoglycoside antibiotics, nonsteroidal anti-inflammatory 
drugs (NSAIDs), or other potentially nephrotoxic medica-
tions. Urine NAG could also provide a more sensitive way to 
evaluate tubular effects of drugs during research into novel 
therapeutics or new dosing strategies. We attempted to vali-
date an assay for measurement of NAG in equine urine and 
to compare urine NAG index with other markers of renal 
injury utilized in equine practice. We hypothesized that urine 
NAG index would be significantly correlated with plasma 
creatinine, urinary fractional excretion of sodium (FE

Na
), and 

urine GGT index.

Materials and methods

Animal use and study protocol were approved by the Colo-
rado State University Institutional Animal Care and Use 
Committee (protocol 16-6663AA); consent was obtained 
from all clients prior to horse enrollment. This was a pro-
spective observational study.

Assay validation

Validation of a commercial photometric assay (N-acetyl-β-D-
glucosaminidase; Roche Diagnostics, Mannheim, Germany), 
based upon cleavage of sodium 3-cresolsulfonphthaleinyl-N-
acetyl-β-D-glucosaminide to measure the activity of NAG, 
was performed using equine urine samples. The assay was 
loaded onto a standard biochemical analyzer (Cobas 6000 
series; Roche Diagnostics, Indianapolis, IN) according to 
the manufacturer’s instructions, and assay validation 
experiments to characterize performance of equine urine 
NAG measurement were guided by American Society for 
Veterinary Clinical Pathology published recommendations 
(Principles of quality assurance and standards for veteri-
nary clinical pathology, 2006 rev. Available from: https://
www.asvcp.org/page/QALS_Guidelines). The urine creat-
inine assay has been validated previously within our labo-
ratory.

Equine test material.  A 12-y-old Thoroughbred gelding that 
had been presented for nuclear scintigraphy was selected for 
urine collection based on an unremarkable physical exam, 
lack of hematologic or biochemical abnormalities, and no 
history of recent illness or medication administration in the 
previous 4 wk. Urine was obtained by free-catch during 

mid-stream of a spontaneous voiding. Urine specific gravity 
was measured using a refractometer, and qualitative urinaly-
sis was performed with a urine dipstick (Chemstrip 10; 
Roche Diagnostics). The urine sample was centrifuged at 
1,500 × g for 10 min, and urine creatinine (Creatinine Jaffé 
Gen.2; Roche Diagnostics), sodium (Sodium ion–selective 
electrode; Roche Diagnostics), protein (Total protein urine/
CSF Gen.3; Roche Diagnostics), and GGT (GGT-2; Roche 
Diagnostics) concentrations were measured in the superna-
tant using a standard biochemistry analyzer (Cobas 6000 
series; Roche Diagnostics). Unremarkable dipstick analysis 
of urine and normal USG (1.020–1.050 in clinically euhy-
drated animal), FE

Na
 (<1%), urine protein-to-creatinine ratio 

(UPC; <1.0), and urine GGT index (<2.8 U/mmol creatinine) 
were verified to confirm suitability of the sample for assay 
validation.3,31,34 The remainder of the supernatant was refrig-
erated (4°C) until assay validation, which began within 24 h 
of collection. The urine sample was brought to room tem-
perature prior to analysis.

Acceptable performance.  Based on published recommenda-
tions of total allowable error for NAG activity (58%) and 
urine NAG index (56%) in human medicine, and clinical 
judgement, total allowable error for NAG activity and urine 
NAG index in equine samples was set at 50% (Minchinela J, 
et al. Desirable specifications for total error, imprecision, and 
bias, derived from intra- and inter-individual biological vari-
ation. 2014. Available from: https://www.westgard.com/bio-
database-2014-update.htm; EFLM biological variation 
database, https://biologicalvariation.eu/).

Assay precision (coefficients of variation).  An aliquot of 
the equine test sample was measured 5 times within a sin-
gle run each day for 3 consecutive days. For each day, an 
aliquot was removed, used for testing, and then discarded. 
The rest of the sample was stored at 4°C. Within-day 
(intra-run) coefficients of variation (CVs) were calculated 
for each day. Because stability of native equine urine sam-
ples over an extended period of time was uncertain, 
between-day (inter-run) CV was determined using com-
mercial quality control material for NAG (N-acetyl-β-D-
glucosaminidase control; Roche Diagnostics), obtained 
from the manufacturer, and creatinine (Liquichek urine 
chemistry control, Level 1 and 2; Bio-Rad, Hercules, CA) 
measured on independent runs across 17 d.

Assay bias (recovery after standard addition).  Standard 
NAG (29.7 milliunits [mU]/mL) was added to aliquots of the 
equine test sample in 2 amounts, 0.1 mL (2.97 mU; added to 
1.5 mL of urine) and 0.2 mL (5.94 mU; added to 1 mL of 
urine). The urine NAG activity and creatinine concentration 
were measured 5 times for each of the 2 spiked samples. To 
determine percentage recovery, the average net amount 
(activity) of urine NAG recovered was compared to the 
expected activity based on amount added.

https://www.asvcp.org/page/QALS_Guidelines
https://www.asvcp.org/page/QALS_Guidelines
https://www.westgard.com/biodatabase-2014-update.htm
https://www.westgard.com/biodatabase-2014-update.htm
https://biologicalvariation.eu/
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Linearity under dilution.  A 10-mL aliquot was prepared by 
adding 5 mL of NAG standard to 5 mL of the original urine 
sample. Serial dilution with deionized water (50:50 v/v) was 
performed 4 times for a total of 5 samples, and the urine 
NAG activity in each resulting sample was measured 3 times. 
The final dilution curve was constructed using the mean of 
the 3 measurements for each dilution. Percent error at the 
lower measured value was also calculated.

Correlation to existing indicators of renal injury

Animals.  Two groups of client-owned adult horses (4–20 y 
old) were used for our study. Group N consisted of 7 non-
azotemic horses with normal plasma creatinine (≤159 
μmol/L [1.8 mg/dL]), no clinical suspicion of renal disease, 
and no reported treatment with NSAIDs or aminoglycoside 
antibiotics within 4 wk of sample collection that were eutha-
nized for unrelated reasons (n = 6); the horse from which 
urine was collected for assay validation was also included in 
this group. Group A consisted of 7 hospitalized adult equine 
patients in which azotemia was identified prior to presenta-
tion or after admission. There were no restrictions on breed, 
sex, previous treatments, or medical history. Pregnant mares 
were excluded from both groups.

Samples.  For animals presented for euthanasia, blood was 
collected in a heparinized tube prior to administration of any 
drugs, and urine was collected via a urinary catheter within 
several minutes of euthanasia with an overdose of intravenous 
(IV) pentobarbital (Euthanasia Solution; VetOne, Boise, ID). 
Blood was obtained from hospitalized patients via direct veni-
puncture or through a jugular catheter. Urine samples were 
collected via midstream free-catch except for one occasion in 
which a urinary catheter was passed as part of diagnostic eval-
uation. An attempt was made to obtain urine prior to initiating 
treatment with IV fluids, but appropriate therapy was not 
delayed for the purposes of our study. Three samples were 
obtained from one azotemic patient on separate days over the 
course of hospitalization, for a total of 9 samples in group A. 
Urine was centrifuged as described previously, and the super-
natant was refrigerated at 4°C until analysis within 48 h (group 
N samples, sample A1, A3, A5, A6) or frozen at −80°C for up 
to 2 mo prior to analysis (remaining samples from group A). 
Postmortem renal histologic examination was performed in 
horses N1–N6 by the same board-certified veterinary patholo-
gist and pathology resident.

Laboratory analysis.  Routine plasma biochemistry analysis 
was performed promptly after blood collection to determine 
plasma creatinine and sodium concentrations. Urine superna-
tant was brought to room temperature before creatinine, 
sodium, GGT, and NAG were measured using an automated 
chemistry analyzer. On each day of analysis, a NAG control 
and 2 creatinine controls (low and high creatinine concentra-
tions) were analyzed and results deemed acceptable prior to 

measurement of urine NAG activity and creatinine in study 
samples. Serial plasma creatinine measurements were per-
formed for hospitalized patients as part of clinical monitor-
ing, with frequency determined by the attending clinician.

Data analysis.  Urine NAG indices were calculated as follows:

 
Urine NAGindex

(U/mmolcreatinine)
=

Urine NAG U/L

Urinecreatin

( )
iine mol/L 1mmol/1000 molµ µ( )( )

Urinary FE
Na

 and urine GGT indices were calculated as 
described previously.1,22

Statistical analysis.  Normality of distribution for age, 
plasma creatinine, FE

Na
, urine GGT index, and urine NAG 

index for groups N and A were assessed using histogram 
plots. All distributions appeared non-normal; therefore, non-
parametric statistical methods were utilized. Spearman rank 
correlation was used to assess the correlation between urine 
NAG index and each of the following indicators of renal 
tubular injury: plasma creatinine, urine FE

Na
, and urine GGT 

index. Animals were divided into groups based on whether 
creatinine was increased (>159 μmol/L) or normal, whether 
FE

Na
 was increased (>1%) or normal, and whether urine 

GGT index was increased (>2.8 U/mmol creatinine) or nor-
mal. The median urine NAG indices were compared between 
each set of dichotomous groups using one-sided Wilcoxon 
rank sum tests. Median age and urine pH for groups N and A 
were compared using 2-sided Wilcoxon rank sum tests. Sta-
tistical evaluations were carried out with the actual urine 
NAG results and then repeated using the determined lower 
limit of linearity for any measured urine NAG activity that 
was less than the lowest activity evaluated in linear dilution. 
Given that 3 group A samples were collected from 1 horse on 
separate days of hospitalization, statistical analyses were 
performed on the full set of samples and on 3 subsets of inde-
pendent samples (each including a different sample [A2

a
, 

A2
b
, or A2

c
]). In the case of discrepancies regarding statisti-

cal significance with different subsets (only applicable for 
Spearman correlation between urine NAG and GGT indi-
ces), the decision was made to err on the side of conservative 
interpretation (i.e., no statistical significance). Significance 
was set at p ≤ 0.05, and analysis was performed using com-
mercial software (R v.3.4.2, https://www.r-project.org/; 
RStudio v.1.1.383, https://www.rstudio.com/).

Results

Assay validation

Dipstick analysis of urine used for assay validation was 
unremarkable; USG, FE

Na
, UPC, and urine GGT index 

were considered normal based on criteria described above. 
The intra-run CV for urine NAG activity for each of the 3 
d was 14–25%, average 21%; the inter-run CV was 3.2%. 

https://www.r-project.org/
https://www.rstudio.com/
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Intra- and inter-run CVs for urine NAG index were similar 
(20% and 3.2%, respectively), and intra- and inter-run CVs 
for urine creatinine were lower (1.0% and 2.9%, respec-
tively). Average net percent recovery of NAG activity 
added to aliquots of equine urine supernatant was 109% 
for the lower concentration (2.16 U/L) and 99% for the 
higher concentration (5.22 U/L). When average net per-
cent recovery of urine NAG index was calculated based on 
NAG activity and expected urine creatinine concentration 
following addition of NAG standard, the results were 
higher but within allowable limits (112% for lower con-
centration of NAG, 105% for higher concentration of 
NAG). Urine NAG activity showed linearity over the full 
range of solutions measured during serial dilution (final 
mean concentrations of 0.93–10.1 U/L), with high coeffi-
cient of determination (R2 = 0.997). Percent error for the 
lowest concentration was 47.9%.

Correlation to existing indicators of renal injury

The median age of horses in group N (15 y, range: 8–20 y) 
was not significantly different (p = 0.177) from the median 
age of group A horses (10 y, range: 4–16 y). A summary of 
horse signalment, reasons for euthanasia, and primary dis-
ease processes is available in Supplementary Table 1. 
Horse N1 was sedated with detomidine (Dormosedan; 
Zoetis, Kalamazoo, MI) and butorphanol (Torbugesic; 
Zoetis) intravenously for endoscopy several hours prior to 
euthanasia and urine collection. Horses N2–N7 did not 
receive any medications or IV fluid therapy within the 24 h 
prior to urine collection except for IV xylazine (XylaMed; 
VetOne) or detomidine immediately before euthanasia in 
some cases. Most of the samples for group A were col-
lected via free-catch during micturition after IV fluid ther-
apy had been initiated; sample A2

a
 was obtained via 

urinary bladder catheterization following sedation with IV 
xylazine and within hours of administration of 35 L of IV 
fluids prior to referral. Samples A2

b
 and A2

c
 were col-

lected from horse A2 on subsequent days of hospitalization 
(following ~475 L and ~530 L of IV fluid therapy, respec-
tively) because azotemia persisted. Sample A4 was col-
lected after <0.5 L of IV fluids were administered in the 
hospital. Other group A samples were obtained after the 
horses had received ~7.5–55 L of IV fluids. Horse A1 had 
been sedated with IV xylazine and detomidine 1–2 h prior 
to urine collection. Urine was obtained from horse A6 via 
catheter immediately after euthanasia was performed fol-
lowing ~1 h of general anesthesia. Renal histopathology 
was performed postmortem on horses in group N that were 
euthanized (N1–N6) to provide additional information on 
kidney health. Clinically significant lesions were not 
observed. Renal histopathology was not available for N7 
or for any of the horses in group A.

USG data showed adequate concentrating ability in group 
N; USG results for group A were confounded by prior IV 

fluids or alpha-2 adrenergic agonist administration (Supple-
mentary Table 2). Fractional excretion of sodium was normal 
in all group N samples and mildly to markedly increased in 7 
of 9 samples from group A. Urine GGT index was within the 
reference interval (RI) for group N samples except for sam-
ple N1; 5 of 9 samples in group A showed increased urine 
GGT index. Urine dipstick analysis (data not shown) did not 
reveal abnormal findings, such as hematuria, pigmenturia, or 
glucosuria, in group N; qualitative evidence of protein in 
some samples was not unexpected given urine alkalinity and, 
based on UPC of <1 in all samples, was considered to repre-
sent false positives associated with the reagent pad.3 Samples 
A1, A2

a
, and A4 demonstrated hematuria or pigmenturia on 

the dipstick reagent pad. Hematuria was confirmed on urine 
sediment examination for sample A2

a
 and suspected in sam-

ple A1 (urine sediment exam not performed) in the absence 
of clinical or laboratory signs of hemolysis or rhabdomyoly-
sis. Pigmenturia in sample A4 was attributed to myoglobin-
uria because: no erythrocytes were observed on urine 
sediment examination; there was no evidence of intravascu-
lar hemolysis; plasma biochemistry showed markedly ele-
vated creatine kinase and aspartate aminotransferase. Urine 
sediment was not examined in other group A samples or in 
any of the group N samples.

There was a significant positive correlation between urine 
NAG index and FE

Na
 (ρ = 0.76, p < 0.001) and between urine 

NAG index and plasma creatinine (ρ = 0.74, p = 0.001; Fig. 
1). Correlation between urine NAG index and urine GGT 
index did not reach significance as defined for our study (ρ = 
0.45, p = 0.079). Median urine NAG index was significantly 
higher in horses that were azotemic (group A; median = 0.47 
U/mmol creatinine, range: 0.08–0.77 U/mmol creatinine) 
compared to horses that were non-azotemic (group N; 
median = 0.03 U/mmol creatinine, range: 0.01–0.38 U/mmol 
creatinine; p = 0.006; Fig. 2). Median urine NAG index was 
also elevated in horses that had increased FE

Na
 (p = 0.006) 

and in horses that had increased urine GGT index (p = 0.032) 
relative to horses in which these parameters were within nor-
mal limits (Fig. 2). Additionally, urine NAG indices were 
recalculated using a urine NAG activity of 0.93 U/L, the 
lowest activity evaluated in linear dilution, for all samples in 
which the measured activity was <0.9 U/L. When statistical 
analyses were repeated using the modified urine NAG indi-
ces, conclusions regarding significance were unchanged 
compared to those reported above, aside from a small 
increase in p value (0.057) for Wilcoxon rank sum compari-
son of horses with increased urine GGT index versus horses 
with normal urine GGT index, which would suggest no sig-
nificant difference in median urine NAG index.

Discussion

We showed successful partial validation of the NAG assay 
for use with equine urine and significant correlation between 
urine NAG index and both FE

Na
 and plasma creatinine, 
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supporting the use of urine NAG as a marker of tubular 
injury in horses. Moreover, significantly higher urine NAG 
index in horses with other evidence of renal compromise 
compared to horses without compromise also suggests that 
urine NAG index may help identify renal damage, although 

there was overlap in the ranges of urine NAG index between 
horses with abnormal and normal renal parameters. Correla-
tion of urine NAG with plasma creatinine in our study is in 
agreement with findings in children with AKI and adults 
with diabetic nephropathy.19,32 In dogs with chronic kidney 
disease, moderate correlation has been demonstrated 
between urine NAG index and blood urea as well as severity 
of renal injury (International Renal Interest Society [IRIS] 
staging of chronic kidney disease).25,33

Previous reference to equine urinary NAG in the literature 
is limited to a brief discussion of the challenges of detecting 
NAG activity in alkaline urine from a small number of clini-
cally normal horses (Bayly W. Enzymuria in horses: clinical 
usefulness. Proc 8th Am Coll Vet Intern Med Forum, Wash-
ington, DC; May 1990; 539–541). Information regarding the 
assay and protocol used for that analysis is not available, and 
potential differences in methodology might have contributed 
to the ability to measure equine urine NAG activity described 
herein (Bayly W, pers. comm. with RL Bayless, April 4, 
2018). The median urine NAG index in non-azotemic horses 
in our study was less than the mean or median urine NAG 
indices reported for healthy adult cattle, dogs, cats, sheep, 
and rats using the same assay substrate, although in some 

Figure 1.  Correlation of urine N-acetyl-β-D-glucosaminidase 
(NAG) index with A. urinary fractional excretion of sodium, B. 
plasma creatinine, and C. urine gamma-glutamyl transferase index. 
Each sample (group N: n = 7 samples; group A: n = 9 samples) is 
represented by a data point. Group N (non-azotemic) is represented 
by open circles. Group A (azotemic) is shown in solid markers and 
is subdivided based on suspected origin of azotemia (suspect renal 
azotemia = solid triangle; suspect prerenal azotemia = solid square; 
unknown origin azotemia = solid diamond).

Figure 2.  Box-and-whisker plots of urine N-acetyl-β-D-
glucosaminidase (NAG) indices for samples divided into groups by 
A. non-azotemic (n = 7 samples) versus azotemic (n = 9 samples), 
B. normal urinary fractional excretion of sodium (FE

Na
; n = 8 

samples) versus increased FE
Na

 (n = 8 samples), and C. normal 
urine gamma-glutamyl transferase (uGGT) index (n = 10 samples) 
versus increased uGGT index (n = 6 samples). Horizontal lines = 
median and quartiles. Whiskers = range of data; × = mean; * = p < 
0.01; † = p < 0.05.
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cases the published standard deviations or ranges were 
large.4,7,10,15,29,30,38 This may reflect species-specific varia-
tion in the normal urine NAG index and provides support 
for determination of equine RIs instead of extrapolating 
from other species.

Histopathology was not available for any horses in group 
A to confirm renal damage, and previous fluid therapy and/or 
alpha-2 agonist administration interfered with USG interpre-
tation. On the basis of plasma creatinine response to therapy, 
tentative classification of azotemia was assigned with the 
acknowledgement that pre-renal and renal azotemia may be 
a continuum.8 Plasma creatinine remained elevated in 2 
horses (A1, A2) despite prolonged aggressive IV fluid ther-
apy (>5 d). Azotemia in these horses was likely renal in ori-
gin, and tubular injury was supported by increased FE

Na
 and 

urine GGT indices. Based on recent onset of clinical abnor-
malities and lack of owner-reported weight loss, AKI was 
suspected; plasma creatinine was normal on the only previ-
ous bloodwork available (horse A1, 7 y prior). In horses 
A3–A6, normalization of plasma creatinine within 24 h of IV 
fluid therapy and normal to mildly increased FE

Na
 and urine 

GGT indices led to suspicion of pre-renal origin of azotemia. 
Horse A7 was euthanized the day of presentation, so response 
of azotemia to fluid therapy was unknown; markedly ele-
vated FE

Na
 and urine GGT index were consistent with renal 

tubular damage. Our proposed classification of group A sam-
ples shows a tendency for higher urine NAG indices for 
horses in which azotemia was thought to result from renal 
damage instead of pre-renal factors; statistical comparison 
was not performed given the small number of samples from 
each suspected category of azotemia and lack of confirma-
tion via renal histopathology.

The intra-run and inter-run CVs were considerably less 
than our established total allowable error for both NAG 
and urinary NAG index. The magnitude of difference 
between median urinary NAG index in horses with and 
without evidence of renal compromise (~10-fold) con-
firmed the clinical relevance of the established total allow-
able error. Average net percent recovery for urine NAG 
activity, a measure of assay bias, was satisfactory for both 
concentrations of NAG. Urine NAG activity was linear for 
the range of all dilutions that were analyzed during that 
portion of assay validation (0.93–10.1 U/L). Urine NAG 
activities from group A samples were within this range 
except for 2 samples with NAG activity slightly less than 
the most dilute sample tested (0.7 and 0.8 U/L). Four of the 
7 group N samples had urine NAG activity <0.9 U/L. 
Extrapolation of linearity outside the tested range is not 
reliable, but given that low values for urine NAG activity 
are unlikely to be clinically significant, the range of linear-
ity was considered adequate for the purposes of our study. 
The statistically significant findings observed when urine 
NAG results below our established lower limit of linearity 
were considered to be the lower limit of linearity suggests 
that working within this linear range will likely provide 

clinically meaningful data. However, there may be benefit 
to attempting to extend the reportable range of this assay to 
urine NAG activities measured in non-azotemic horses in 
our study. Unfortunately, we could not pursue ascertaining 
linearity at these lower activities.

Effects of patient, sample, or storage factors on urine 
NAG are not thoroughly understood. In healthy dogs, there is 
evidence for no significant difference in urine NAG index 
between young adults and older adults.33 Data on effect of 
age on urine NAG index in humans are inconsistent.24,40 
Group N horses tended to be older than group A horses, 
although there was no significant difference in median age 
for both groups. The impact of sex on urine NAG index is 
also uncertain. A significant effect of sex on urine NAG 
index has been identified in humans and clinically normal 
dogs, but no clear difference in urine NAG index between 
males and females was demonstrated in studies of juvenile 
rats and healthy cats.4,24,30,37 Potential effects of sex in the 
overall findings of our study were likely minimized by the 
similar sex composition of group N and group A.

Instability of NAG in alkaline urine (pH ≥ 8) at 37°C has 
been reported in other species and shown to be time-depen-
dent.12,21 The potential for NAG to be inactivated in alkaline 
equine urine (normal urine pH 7.5–8.5) warrants consider-
ation, but urine NAG activity has been successfully mea-
sured in cattle and llamas, which also often have alkaluria 
(normal urine pH 7.5–8.5 and 7–8.5, respectively).5,14,29,31,34 
To our knowledge, the effect of urine pH on NAG activity in 
samples that are frozen soon after collection has not been 
well-described. For our study, urine pH was recorded for 5 
group N samples and 7 group A samples; median urine pH 
was not significantly different between groups (group N: 
median 8, range 7.5–9; group A: median 8, range 6–8.5; p = 
0.297). Stability of NAG activity has been demonstrated in 
urine stored at 4°C for 6 d (rats) or −80°C for 1 y (dogs).16,23 
In recent literature for humans and animals, it is not uncom-
mon for samples to be frozen at −80°C until urine NAG mea-
surement.9,11,18,19,23,33 Thus, variation in storage times and 
conditions between samples in our study was not expected to 
affect urine NAG results. The effect of storage time and con-
ditions should be evaluated prior to routine use of this assay 
for diagnostic samples.

Small sample sizes pose a limitation for our study, as 
does non-random sampling, lack of a gold standard, and 
administration of IV fluids and/or sedation before obtaining 
urine. Data for expected urine NAG indices in horses with 
and without renal injury were not available, so sample size 
was guided by calculations using urine NAG index sum-
mary statistics from healthy dogs and dogs in renal fail-
ure.39 Although the sample size was expected to be sufficient 
for detecting a difference in urine NAG index between 
horses without suspicion of renal injury and horses that 
were azotemic, it is possible that our study was underpow-
ered for a secondary outcome of detecting a correlation 
between urine NAG index and urine GGT index, which 
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may have reached significance with more samples. The 
number of horses in group N was not designed to be suffi-
ciently large to determine a RI for equine urine NAG index. 
Enrollment from the hospital population via convenience 
sampling may have introduced sampling bias; even though 
group N horses lacked evidence of renal tubular injury, all 
but one horse had comorbidities (typically orthopedic) that 
led to euthanasia. Use of creatinine as a biomarker for kid-
ney dysfunction has several weaknesses, including limited 
ability to detect early kidney injury, challenge for differen-
tiating pre-renal, renal, and post-renal causes of azotemia, 
and influence of endogenous creatinine production.6 Even 
considering these limitations, measurement of plasma cre-
atinine is common in equine practice and provided an inex-
pensive, relatively noninvasive, and quantitative basis for 
categorizing horses into groups for our study. An effort was 
made to partially account for limited sensitivity of plasma 
creatinine by excluding horses from group N if renal lesions 
were detected postmortem; renal histopathology findings 
did not prompt exclusion of any group N horses. Histopa-
thology of kidney from group A horses would have been 
helpful for differentiating pre-renal from renal origin of 
azotemia and, in cases with kidney lesions, estimating 
chronicity and severity of renal disease. Comparison of 
NAG activity to urine creatinine concentration, as we per-
formed in our study, has been effective in minimizing the 
effect of variation in urine flow rate and concentration on 
measures of NAG in human studies.13,35,40 Thus, although 
collection of urine samples prior to fluid therapy or use of 
alpha-2 agonists would have facilitated USG interpretation, 
these treatments were unlikely to influence the urine NAG 
index.

Limited availability of NAG standard precluded fur-
ther investigation into the influence of signalment, urine 
pH, and storage on urinary NAG or analysis of additional 
clinical samples. Nonetheless, the ability to measure 
NAG in equine urine demonstrated herein warrants con-
tinued study of this potential biomarker in horses. Given 
that one of the proposed advantages of NAG is earlier 
detection of renal damage compared to other currently 
used biomarkers, monitoring of the urine NAG index in 
horses prior to development of azotemia would be use-
ful. Other directions for continued examination of urine 
NAG in equine medicine include determination of urine 
NAG index RIs in young, middle-aged, and senior 
horses, monitoring of urine NAG indices in equine 
patients treated with potentially nephrotoxic medica-
tions, and correlation of urine NAG indices with renal 
histopathology.
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