Validation of diagnostic tests for determination
of magnesium status in horses with reduced
magnesium intake
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Objective—To evaluate the diagnostic value of serum
concentrations of total magnesium (tMg) and ionized
magnesium (iMg), concentrations of magnesium
(Mg) in muscle, intracellular Mg (icMg) concentrations, urinary Mg excretion (EMg), Mg clearance (CMg),
and fractional clearance of Mg (FCMg) in horses fed
diets with Mg content above and below National
Research Council recommendations.
Animals—9 young female horses.
Procedures—6 horses were fed a reduced-Mg diet
for 29 days followed by an Mg-supplemented diet for
24 days. Control horses (n = 3) were fed grass hay
exclusively. Blood, urine, and tissue samples were
collected, and an Mg retention test was performed
before and after restriction and supplementation of
Mg intake. Serum tMg, serum iMg, muscle Mg,
icMg, and urine Mg concentrations were measured,
and 24-hour EMg, CMg, and FCMg were calculated.
Results—Reductions in urinary 24-hour EMg, CMg, and
FCMg were evident after 13 days of feeding a reducedMg diet. Serum tMg and iMg concentrations, muscle
Mg content, and results of the Mg retention test
were not affected by feeding the Mg-deficient diet.
Spot urine sample FCMg accurately reflected FCMg calculated from 6- and 24-hour pooled urine samples.
Mean ± SD FCtMg of horses eating grass hay was 29
± 8%, whereas mean FCtMg for horses fed a reducedMg diet for 29 days was 6 ± 3%.
Conclusions and Clinical Relevance—The 24-hour
EMg was the most sensitive indicator of reduced Mg
intake in horses. Spot sample FCMg can be conveniently used to identify horses consuming a diet deficient in Mg. (Am J Vet Res 2004;65:422–430)

P

otassium is the most common intracellular cation,
and magnesium (Mg) is the second most common
intracellular cation. Approximately 50% to 60% of total
body Mg is distributed in bone, with 40% to 50% in
soft tissues. Magnesium is an essential intracellular

cation and cofactor for more than 300 enzymatic reactions involving ATP, including glycolysis and oxidative
phosphorylation. It is also important in the function of
the sodium-potassium-ATPase pump, membrane stabilization, nerve conduction, ion transportation, and calcium channel activity.1,2 Clinical manifestations of
severe hypomagnesemia include muscle weakness,
muscle fasciculations, ventricular arrhythmias,
seizures, ataxia, and coma.3-5 Subclinical hypomagnesemia increases severity of the systemic inflammatory
response syndrome; worsens the systemic response to
endotoxins; and can lead to ileus, cardiac arrhythmias,
refractory hypokalemia, and hypocalcemia.1,2,6,7
Abnormalities in serum Mg concentrations have
gained attention in critical-care arenas in human and
veterinary medicine. Low serum Mg concentrations
have been reported in 65% of critically ill humans,8,9
39% to 46% of cats and dogs in intensive care units,a,10
49% of hospitalized horses,11 54% of equine surgical
colic patients,12 and 78% of horses with enterocolitis.13
Traditionally, only serum concentrations of total Mg
(tMg) have been reported in prevalence studies of hypomagnesemia in hospitalized patients. Similar to calcium,
serum tMg can be classified into 3 forms. The physiologically active (free) fraction is ionized Mg (iMg), whereas
the protein-bound and chelated fractions are unavailable
for biochemical processes. In humans, serum iMg concentrations cannot be accurately calculated from serum
tMg and albumin concentrations; therefore, serum iMg
concentration should be determined by direct measurement.14 Less than 1% of body Mg is contained within the
extracellular fluid; therefore, it is speculated that serum
Mg concentrations may not adequately reflect total body
stores of Mg. Sensitive tests of Mg status are needed in
clinical situations in which Mg deficiency may contribute
to the disease condition in animals.
Magnesium is cleared by glomerular filtration, and
renal homeostatic mechanisms will attempt to main-
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tain Mg balance. When the diet is deficient in Mg, renal
tubular reabsorption increases to maintain serum concentrations of Mg within narrow physiologic limits.15
Determination of urinary excretion may be an extremely sensitive indicator of dietary Mg deficiency, whereas
decreases in serum concentrations of Mg are evident
only after severe chronic deficiency or acute uncompensated redistribution.13,16
Intravenous administration of large doses of Mg
can be safely used to concurrently diagnose and treat
hypomagnesemia in humans. The IV Mg retention
test has become the criterion-referenced standard to
determine Mg status in human intensive care units.17
After determination of basal Mg urinary excretion for
a 24-hour period, a dose of Mg is infused and urinary
excretion of Mg during the subsequent 24 hours is
measured. Patients who excrete most of the infused
Mg are considered magnesium-replete patients,
whereas magnesium-depleted patients retain most of
the administered Mg. The percentage of Mg retention
that defines a normomagnesemic state is dependent
on the amount of Mg infused and the equation used
to describe the percentage of retention. In 1 study17 in
humans, investigators found that normomagnesemic
patients excrete > 70% of the infused Mg, whereas
Mg-deficient patients excrete < 70% of the total
amount of administered Mg. In another study18 in
humans, retention of 40% to 50% of the administered
Mg indicated Mg deficiency, whereas retention of <
20% indicated that Mg deficiency was unlikely. The
IV Mg retention test has been validated for use in
humans and dogs, but to our knowledge, it has not
been investigated in horses or ponies.
Hypomagnesemia in horses has rarely been reported,3,5,19 but it can be induced experimentally by feeding
an Mg-deficient diet.4,16,20,21 The National Research
Council (NRC) recommends that horses receive > 13
mg/kg/d or 1,600 mg/kg of feed.20 Lactating and growing animals have higher requirements for Mg.
Subclinical hypomagnesemia was detectable in adult
ponies fed a diet deficient in Mg (370 mg/kg of feed)
for 18 days.16
Our hypothesis for the study reported here was
that feeding an Mg-deficient diet to young horses
would induce Mg deficiency evident as hypomagnesemia; reductions in Mg concentrations in muscle tissues and sublingual epithelial cells; and decreases in
urinary Mg excretion (EMg), clearance of Mg (CMg),
and fractional clearance of Mg (FCMg). Furthermore,
we hypothesized that results of the IV Mg retention test
would reflect the reduced dietary intake of Mg. Our
objectives were to validate diagnostic tests for the identification of reduced Mg intake in horses by comparing
serum tMg and iMg concentrations, muscle concentrations of Mg, sublingual epithelial intracellular Mg
(icMg) concentrations, EMg, CMg, and FCMg in horses
fed grass hay, with values for horses fed Mg-reduced
and Mg-supplemented diets. We also investigated the
use of spot FCMg, compared with 6- and 24-hour FCMg,
thereby possibly providing a reference range for FCMg
and alleviating the necessity for cumbersome and timeconsuming volumetric urine collections in hospitalized horses.

Materials and Methods
Animals—Nine female horses of various breeds were
used in the study. Horses ranged from 8 to 12 months of age
and weighed between 219 and 448 kg. Horses were housed
separately in box stalls and exercised daily by hand-walking
and lunging. All horses were fed the same grass hay diet ad
libitum during a 6-week quarantine period. All horses were
accustomed to handling procedures, including conditioning
to prolonged periods of being restrained in a cross-tie. Horses
were dewormedb and vaccinatedc before entering the study.
No drugs were administered to any horses during the 16-day
baseline period. All horses were considered to be healthy on
the basis of results of physical examination, culture for
Streptococcus equi var equi of swab specimens obtained from
the nasopharyngeal area, endoscopy of the nasopharynx and
diverticulum of the auditory tubes (ie, guttural pouches),
CBC counts, serum biochemical analyses, plasma fibrinogen
concentration, urinalysis, and quantitative microbial culture
of a urine sample. The study was approved by the Ohio State
University Institutional Laboratory Animal Care and Use
Committee.
Diets—The control diet consisted of unsupplemented
mixed grass hay. Horses had unrestricted access to tap water.
One batch of hay was fed to all horses during the baseline
period, and a second batch was fed to the control horses for
the remainder of the study. A reduced-Mg diet was prepared.d
The diet was formulated to contain Mg (600 mg/kg of feed),
as determined on the basis of a ration (ie, 350 mg/kg of feed)
described elsewhere (Appendix 1).16 A representative sample
of each batch of hay and 3 random samples of the reducedMg diet were independently analyzed by a commercial laboratorye (Appendix 2). We suspected an error in the production of the reduced-Mg diet because major discrepancies
were evident in the protein, calcium, phosphorus, potassium,
and sodium contents between the formulated diet and the
diet that was prepared for consumption. The reduced-Mg
diet was a powder, which was moistened to achieve a
crumbly consistency for feeding. Feed and water were offered
ad libitum, and we did not attempt to quantitate the amounts
consumed or provide isocaloric amounts of the formulated
diet or grass hay. An Mg-supplemented diet was also formulated and prepared,d consisting of the reduced-Mg diet with
Mg oxide added at the rate of 40 mg/kg/d.
Experimental protocol—Horses were randomly
assigned to 2 groups (6 horses in the treatment group and 3
horses in the control group). Control horses were fed grass
hay throughout the study, whereas treated horses were fed
diets corresponding to 3 dietary phases (phase 1, baseline
diet; phase 2, low-Mg diet; and phase 3, Mg-supplemented
diet). All horses were used in the study concurrently. Horses
were monitored daily, and results of daily physical examinations were recorded. Body weight was measured before each
24-hour urine collection.
During phase 1 (baseline; days 1 to 16), all horses were
fed the control grass hay diet and had ad libitum access to tap
water. Urine and blood samples were collected from all horses on day 14, and a muscle biopsy specimen was obtained
from each horse on day 15. On day 16, the Mg retention test
was performed on all horses.
During phase 2 (Mg restriction, days 17 to 53), horses
in the treatment group were fed a reduced-Mg diet. On days
17 to 24, treatment-group horses were gradually fed increasing amounts of the low-Mg ration and decreasing quantities
of grass hay. For the 29-day period from days 24 to 53, horses in the treatment group were housed separately in stalls
with bare rubber floors and fed the low-Mg diet exclusively.
Furthermore, treatment-group horses were allowed to drink
only distilled waterf during feeding of the low-Mg diet. Blood
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and urine samples were collected from all 9 horses on days
37 and 51. A muscle biopsy specimen was obtained from
each horse on days 38 and 52. On day 53, the Mg retention
test was performed on all horses.
During phase 3 (23-day period from days 54 to 77), horses in the treatment group continued to receive the low-Mg
ration, but it was supplemented with Mg oxide at the rate of
40 mg/kg/d (corresponding to 24.1 mg of elemental
Mg/kg/d)22; treatment-group horses were again allowed ad
libitum access to tap water. On day 75 (21 days of feeding the
Mg-supplemented diet to the treatment horses), urine and
blood samples were collected from all 9 horses. A muscle
biopsy specimen was obtained from each horse on day 76, and
the Mg retention test was performed on all horses on day 77.
Collection of urine samples—Twenty-four hour urine
collections were performed on days 14, 16, 37, 51, 53, 75,
and 77. After wrapping the tail and washing the perineal
region with antiseptic soap, a sterile Foley catheterg was aseptically inserted into the bladder of each horse. Each horse
was then cross-tied in a box stall in a manner that allowed
access to feed and water. The bladder of each horse was emptied, and urine was then collected into 5-L sterile plastic containers for the next 24 hours via continuous flow by use of
laboratory-grade latex rubber tubing.h At 0, 6, 12, 18, and 24
hours after initiation of urine collection, the volume of urine
collected during each 6-hour period was quantified; the urine
for that 6-hour period was thoroughly mixed, and a representative 20-mL sample was obtained. The remaining urine
was then pooled with the other 6-hour collections; the urine
for the 24-hour collection was thoroughly mixed, and a
pooled 24-hour sample was obtained. On day 14, an additional 20-mL spot urine sample was collected by direct aspiration from the Foley catheter every 6 hours (corresponding
to the time at which blood samples were collected). All urine
samples were frozen at –20oC until analyzed to measure Mg
and creatinine concentrations, which allowed us to calculate
EMg, CMg, and FCMg for each 6-hour interval.
Collection of blood samples—On days 14, 37, 51, and
75, a catheteri was aseptically inserted in each jugular vein of
all horses. The catheter in the left jugular vein was used to
obtain blood samples for analysis, and the catheter in the right
jugular vein was used to administer the Mg infusion on days
16, 53, and 77. Blood samples were collected at 0, 6, 12, 18,
and 24 hours during the 24-hour urine collections. Blood samples were allowed to clot for 30 minutes at 25oC; samples were
then centrifuged in a refrigerated centrifuge, and serum was
then harvested. Serum iMg concentrations were measured
within 1 hour after collection of samples, and the remaining
serum was frozen at –20oC until subsequent analysis.
Collection of muscle biopsy specimens—Muscle biopsies were performed on each horse on days 15, 38, 52, and
76. Horses were sedated by administration of xylazine
hydrochloridej (150 mg, IV), and the skin and subcutaneous
tissue over the middle gluteal muscle were infiltrated locally
with an anesthetic.k Muscle specimens were collected percutaneously from the middle gluteal muscle by use of a needlebiopsy technique.23 Muscle specimens were immediately
placed in tissue cassettes, wrapped in aluminum foil, snapfrozen in liquid nitrogen, and stored at –70oC until subsequent analysis.
Collection of sublingual epithelial cells—On days 15, 38,
52, and 76, sublingual epithelial cells were collected from each
horse by firmly scraping tissue adjacent to the frenulum with a
disposable wooden spatula. The cells were applied to low-background carbon slides, dehydrated by application of a standard
cytologic fixative,l and air-dried prior to shipment to a laboratory for determination of intracellular electrolyte concentrations.

IV Mg retention test—On days 16, 53, and 77, Mg sulfatem (100 mg of MgSO4 • 7H2O solution/kg, which was
equivalent to 10 mg of elemental Mg/kg) in the form of a 5%
solution in saline (0.9% NaCl) solution24 was infused IV during a 1-hour period into the right jugular catheter.
Volumetric urine collection was performed for 24-hours
beginning at the start of the Mg infusion. Serum and pooled
urine samples were collected 0, 6, 12, 18, and 24 hours after
commencement of the Mg infusion.
Hematologic and serum biochemical analyses—Serum
iMg concentrations were measured by use of an ion-specific
electroden within 1 hour after anaerobic collection of samples. Serum tMg concentrations were determined by use of
an automated analyzer.o Serum creatinine concentrations
were determined by use of colorimetric reactions in an automated analyzer.p
Urine biochemical analysis—Urine creatinine concentrations were measured in uncentrifuged nonacidified samples by use of an automated analyzer,p as described for measurement of serum creatinine concentrations. For measurement of urine Mg concentrations, 4.0 mL of well-mixed
uncentrifuged urine was diluted in 5 mL of distilled water
and digested in 5 mL of 20% nitric acid and 1.0 mL of
hydrogen peroxide via a microwave system.25,q The samples
were then diluted to a final volume of 25 mL with distilled
water and analyzed for Mg concentration by use of inductively coupled plasma-atomic emission spectrophotometry (ICP-AES).r
Values for EMg were calculated by use of the following
equation:
EMg = (UMg • V)/BW

where UMg is the urine Mg concentration, V is urine volume
in mL, and BW is body weight in killigrams.
Values for CMg were calculated by use of the following
equation26:
CMg = (UMg/tMg) • ([V/T]/BW)

where tMg is the serum tMg concentration, and T is the time
interval in minutes.
Values for fractional clearance of tMg (FCtMg) were calculated by use of the following equation27:
FCtMg = ([UMg/tMg] • [SCr/UCr]) • 100

where SCr is the serum creatinine concentration, and Ucr is
the urine creatinine concentration. Concentrations were
measured in concurrently obtained serum and urine samples.
Values for fractional clearance of iMg (FCiMg) were calculated by use of the following equation7:
FCiMg = ([UMg/iMg] • [SCr/UCr]) • 100

where iMg is the serum iMg concentration. Concentrations
were measured in concurrently obtained serum and urine
samples.
The EMg, CMg, and FCMg values were calculated by use of
urine Mg concentrations measured in each of the 6-hourinterval aliquots of urine as well as from the 24-hour urine
sample. Values for FCMg were also calculated by use of Mg
concentrations measured in spot samples of urine that were
collected every 6 hours on day 14.
The percentage of Mg retained (% Mg Ret) after IV
infusion of the Mg solution was calculated for each of 3
methods, as reported in other studies.17,28-32 For method 1,
the amount of Mg excreted was divided by the amount of
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Mg infused, as determined by use of the following equation29,30:
% Mg Ret = (1 – [24-hour EMg after infusion]/[amount of elemental Mg infused]) • 100.

Method 2 required consideration of the basal 24-hour
EMg value obtained before infusion. The basal 24-hour EMg
was subtracted from the EMg measured after infusion, and the
difference was then divided by the amount of elemental Mg
infused.28 The basal EMg was determined from the previous
24-hour urine collection for each horse. Values for method 2
were determined by use of the following equation28:
% Mg Ret = ([1 – {24-hour EMg after infusion – 24-hour EMg
before infusion}]/amount of elemental Mg infused) • 100.

Method 3 used the serum creatinine concentration to
correct for the urine concentration by use of the following
equation:
% Mg Ret = (1 – [EUMg – {R • UECr}]/amount of elemental
Mg infused]) • 100

where EUMg is the 24-hour EMg after infusion, R is the 24hour urine Mg-to-urine creatinine ratio (ie, [UMg]/[UCr])
before infusion, and UECr is the 24-hour urine creatinine
concentration after infusion.28,31,32
Intracellular concentrations of electrolytes in sublingual epithelial cells—Intracellular electrolyte concentrations
were determined by use of energy-dispersive x-ray analysis.s
This assay was performed by use of a specially configured
scanning electron microscope to irradiate the cells with a
focused electron beam and subsequently measure radiographic fluorescence.
Analysis of mineral concentration in muscle tissues—
Muscle biopsy specimens were thawed at 22oC and then
dehydrated at 75oC for 7 hours in a commercial desiccator.t
Dehydration was considered complete when there was no
weight change for a 60-minute period. Mineral analysis of
digested muscle specimensu was performed by use of ICPAES, similar to analysis of urine samples.
Statistical analysis—All assumptions of normalcy were
met as determined by use of the Kolmogorov-Smirnoff test. A
1-way ANOVA with repeated measures was used to detect
differences in mean serum tMg, serum iMg, muscle Mg,
icMg, and urine Mg concentrations; 24-hour EMg, CMg, FCtMg,
and FCiMg; and % Mg Ret after infusion of Mg in horses in the
treatment group. A repeated-measure ANOVA was used to
compare consecutive EMg, CMg, and FCtMg values calculated
for samples obtained at 6-hour intervals (6, 12, 18, and 24
hours) to determine variability of these variables over time
and validity of the use of 6-hour-interval EMg, CMg, and FCtMg
to estimate 24-hour EMg, 24-hour CMg, and 24-hour FCtMg,
respectively. Fractional clearance calculations were performed for spot urine samples obtained at the end of phase 1
(day 14), and these values were compared by use of a repeated-measure ANOVA with FCtMg calculated for urine samples
obtained at 6-hour intervals (6, 12, 18, and 24 hours) and
with FCtMg calculated for the 24-hour pooled urine sample.
This was used to determine significant differences in spot
FCtMg, 6-hour-interval FCtMg, and 24-hour FCtMg and, therefore, determine the reliability of the use of spot urine samples
to estimate 24-hour clearance. Specific differences in means
were identified with a post hoc Student-Neuman-Keuls multiple-comparison test. The Friedman nonparametric test for
1-factor repeated measure was used to determine differences

over time in the control horses. Significance of each test was
set at P < 0.05. Results were reported as mean ± SD and 95%
confidence interval (CI). The 95% CI was calculated as follows: 95% CI = mean ± (1.96 X [SD n]).

Results
Horses—Results of physical examinations in all
horses before and throughout the duration of the
study were unremarkable. The treatment diets were
accepted well by the horses in the treatment group.
Wasted feed was rapidly mixed with fecal material
because the horses were not confined in metabolism
cages. Wasted feed was removed 3 times daily when
stalls were cleaned with water from a hose. Weighing
the discarded feed and determination of the amount
consumed were impossible. Initial body weight of the
horses ranged from 203 to 426 kg (mean ± SD, 271 ±
73 kg) on day 14 (ie, baseline). All horses gained
weight during the study period. Mean weight gain
from the beginning to the end of the study was similar between control (8.1 ± 3.5 kg) and treatment (6.7
± 3.5 kg) groups.
Diets—The analysis performed after the reducedMg diet was prepared revealed substantial differences
between the formulated diet and the initial preliminary
sample prepared for consumption. Calcium, phosphorus, sodium, and potassium concentrations were all
below NRC recommendations. Additionally, the calcium-to-phosphorus ratio was inappropriate. This precluded any conclusions on the effect of a reduced-Mg
diet on other electrolytes or parathyroid hormone.
Control and treatment groups—We did not identify detectable changes in any of the variables over time
for the control horses. Results differed between the 3
phases of the study for treatment horses (Table 1).
Serum tMg concentration—Serum tMg concentrations in the treatment group did not differ significantly between baseline (phase 1) and the end of
reduced Mg intake (phase 2). However, serum tMg
concentration increased significantly (P = 0.01) during
feeding of the Mg-supplemented diet (phase 3), compared with the baseline tMg concentration.
Serum iMg concentration—Serum iMg concentrations did not differ significantly between baseline and
the end of reduced Mg intake (phase 2). Serum iMg
concentrations increased significantly (P = 0.006) during phase 3 (feeding of Mg-supplemented diet), compared with the baseline concentration. After feeding
the low-Mg diet for 2 weeks, the percentage of Mg in
the ionized state increased significantly (P = 0.001),
compared with the baseline value. After 2 weeks of
feeding the diet supplemented with Mg oxide, the percentage of Mg in the ionized state was not significantly different from the baseline value.
Urine volume—At baseline, the volume of urine
produced in 24 hours by each of the 9 horses ranged
from 10.6 to 34.2 mL/kg/d (mean, 17.8 ± 7.2 mL/kg/d).
Although the mean urine volume in horses in the treatment group increased after consumption of the experimental diet, this change was not significant. One
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Table 1—Mean ± SD and 95% confidence interval (CI) values for variables measured in 6 female yearling horses fed grass hay, a
reduced-magnesium (Mg) diet, and an Mg-supplemented diet
Middle of feeding
reduced-Mg diet

Baseline
Variable

Mean  SD

Serum total Mg (mg/dL)
Serum ionized Mg (mg/dL)
Serum Mg in ionized form (%)
Urine volume (L)
Urine Mg concentration (mg/dL)
24-hour urine excretion of
Mg (mg/kg/d)
24-hour urine clearance of Mg
(mL/kg/min)
24-hour fractional clearance of
Mg (%)
24-hour fractional clearance of
ionized Mg (%)
Muscle Mg content
(mg/kg of dry weight)
Intracellular Mg concentration
(mg/kg)

95% CI

Mean  SD

1.4  0.2
1.1  0.1
73.8  4.4
18.6  8.6
60.1  41.7

1.3–1.6
1.0–1.1
70.3–77.3
11.7–25.5
26.7–93.5

1.4  0.1
1.1  0.1a
79.1  4.16a
48.6  54.8
10.9  13.0b

9.3  3.1

6.8–11.8

2.2  1.4a,b

0.4–0.5

0.1  0.06

22.5–36.0

6.2  3.3

41.8  12.8

31.6–52.0

799  165
ND

667–931
ND

0.4  0.1
29.3  8.5

a

End of feeding
reduced-Mg diet

95% CI

Mean  SD

1.3–1.5
1.1–1.1
77.4–80.8
47.0–92.5
0.5–21.3

1.5  0.1
1.2  0.1a
83.3  2.8a
42.5  40.8
11.0  12.6b
a

1.1–3.3

2.0  1.3a,b

0.05–0.15

0.1  0.06

3.6–8.8

6.1  3.3

8.7  5.5

4.3–13.1

8.8  5.0

769  46
60.3  6.9

732–806
54.8–65.8

813  71
54.4  2.7c

a,b

a,b
a,b

a,b

a,b
a,b

End of feeding Mgsupplemented diet

95% CI

Mean  SD

95% CI

1.4–1.6
1.2–1.3
82.4–84.2
9.8–75.2
0.9–21.1

1.8  0.2
1.4  0.1b
77.4  3.9
39.5  30.6
32.7  20.6b

1.7–1.9
1.3–1.5
74.3–80.5
15.0–64.0
16.2–49.2

1.0–3.1

7.1  3.5

4.3–9.9

0.05–0.15

b

b

0.3  0.1

0.2–0.4

3.5–8.7

b

15.3  3.9

12.2–18.4

4.8–12.8

19.5  4.5

b

15.9–23.1

756–87
52.2–56.6

753  87
56.1  3.7

684–823
53.1–59.1

Samples for measurement of variables were obtained on day 14 (baseline), day 37 (middle of feeding reduced-Mg diet), day 51 (end of feeding
reduced-Mg diet), and day 75 (end of feeding Mg-supplemented diet), except for the muscle Mg content and intracellular Mg concentration,
which were obtained on days 15, 38, 52, and 76.
a
Value differs significantly (P  0.05) from value after feeding Mg-supplemented diet for 4 weeks. bValue differs significantly (P  0.05)
from baseline value. cValue differs significantly (P  0.05) from value after feeding Mg-supplemented diet for 2 weeks. ND = Not determined.

horse was diagnosed with psychogenic polydipsia,
which skewed urine volume results.
Urine Mg concentration—Compared with baseline concentration, urine Mg concentration decreased
significantly (P = 0.002) by day 37; there was no further decrease through day 51. There was a small
increase in urine Mg concentration after the start of the
Mg-supplemented diet, but this value was still significantly (P = 0.007) less than the baseline concentration.
Urinary Mg excretion—We did not detect diurnal
variation in EMg, and there were no differences among
the 4 EMg values calculated at 6-hour intervals (6, 12,
18, and 24 hours) on days 14, 37, 51, and 67. We did
not detect a difference between the 24-hour EMg (calculated by use of the pooled 24-hour urine sample),
compared with the total for the 4 consecutive 6-hourinterval EMg values (6, 12, 18, and 24 hours). On the
basis of the 24-hour pooled urine sample, the 24-hour
EMg at day 37 was significantly (P < 0.001) decreased
from the baseline 24-hour EMg. We did not detect a further reduction in the 24-hour EMg at day 51 (end of
phase 2). Restoration of renal 24-hour EMg was
observed after feeding the Mg-supplemented diet,
compared with the baseline 24-hour EMg (Fig 1).
Urinary Mg clearance—We did not detect diurnal
variation over time in CMg, and there were no
detectable differences among the 4 mean 6-hour-interval (6, 12, 18, and 24 hours) CMg on days 14, 37, 51,
and 67. This validated the use of 6-hour-interval CMg as
an estimate of 24-hour CMg. There was no significant
difference between CMg calculated on the basis of the
pooled 24-hour urine sample, compared with the mean
value for clearance calculated from pooled 6-hourinterval urine samples. The 24-hour CMg was signifi-

Figure 1—Mean ± SE urinary excretion of magnesium (EMg) at
baseline (day 14), at the middle (day 37) and end (day 51) of
feeding a reduced-magnesium (Mg) diet, and at the end of feeding an Mg-supplemented diet (day 75) to 6 horses (treatment
group; black bars) and for 3 control horses fed a grass hay diet
throughout the study (white bars). a—Within a group, value differs significantly (P < 0.05) from baseline value. b—Within a
group, value differs significantly (P < 0.05) from value for the
Mg-supplemented phase (ie, day 75).

cantly (P < 0.001) decreased by day 37, compared with
the baseline value. We did not detect a further reduction at day 51. After feeding the Mg-supplemented
diet, the 24-hour CMg increased from the value for the
Mg-restriction phase, but it was still significantly (P =
0.002) less than the baseline 24-hour CMg.
Urinary fractional clearance of tMg—At baseline,
we did not detect significant differences among FCtMg
calculated on the basis of results for aliquots of urine
representative of a 24-hour period (24-hour FCtMg),
each 6-hour period (6-hour-interval FCtMg), or spot
urine samples that were collected every 6 hours (spot
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Table 2—Mean ± SD and 95% CI values for urine indices measured after an Mg retention test in 6 female yearling horses fed grass
hay, a reduced-Mg diet, and an Mg-supplemented diet
End of feeding
reduced-Mg diet

Baseline
Variable
24-hour urine excretion of Mg (mg/kg/d)
24-hour urine clearance of Mg (ml/kg/min)
24-hour fractional
clearance of Mg (%)
24-hour fractional clearance
of ionized Mg (%)
Mg retention (%)
Method 1
Method 2
Method 3

End of feeding Mgsupplemented diet

Mean  SD

95% CI

Mean  SD

95% CI

Mean  SD

95% CI

13.8  3.5
0.7  0.2

11.0–16.6
0.5–0.9

8.8  3.7
0.3  0.1a

5.8–11.7
0.2–0.4

12.0  6.9
0.42  0.26a

6.5–17.5
0.2–0.6

61.2  19.9

45.3–77.1

18.8  7.1a

13.1–24.5

28.7  12.2a

18.9–38.5

90.7  36.8

61.3–120.0

26.7  9.7a

18.9–34.5

35.8  19.2a

20.4–51.2

–37.9  34.6
28.0  16.6
20.4  30.7

–65.6–(–10.2)
14.0–34.8
7.9–32.9

12.1  36.9
28.4  24.5
51.0  50.6

–17.4–41.6
8.8–48.0
10.5–91.5

–20.4  69.5
33.3  25.6
47.4  45.9

–48.8–8.0
–12.8–53.8
10.7–84.1

Samples for measurement of variables were obtained on day 16 (baseline), day 53 (end of feeding reduced-Mg diet), and day 77 (end of feeding Mg-supplemented diet).
a
Value differs significantly (P  0.05) from baseline value.

FCtMg). We did not detect diurnal variation in the 4
consecutive 6-hour-interval FCtMg collected on days
14, 37, 51, and 75. There was no detectable difference
between the final 6-hour-interval FCtMg (from 18 to 24
hours), compared with the 24-hour FCtMg, on days 14,
37, 51, and 75. The 24-hour FCtMg was significantly (P
< 0.001) decreased by day 37, compared with the baseline 24-hour FCtMg. We did not detect a further reduction at day 51. After feeding the Mg-supplemented
diet, the 24-hour FCtMg had increased from the value
for the Mg-restriction phase, but it was still significantly (P = 0.002) less than the baseline 24-hour
FCtMg. Similar results were seen for analysis of the 6hour-interval FCtMg.
Urinary fractional clearance of iMg—The 24hour FCiMg was decreased significantly (P < 0.001) by
day 37, compared with the baseline value. We did not
detect a further reduction at day 51. After feeding the
Mg-supplemented diet (phase 3), the 24-hour FCiMg
increased from the value for phase 2, but it was still significantly (P < 0.001) less than the baseline 24-hour
FCiMg.
Mg concentration in muscle biopsy specimens—
We did not detect changes in muscle Mg content in
either group of horses during the study.
Concentration of icMg in sublingual cells—
Baseline results for sublingual epithelial icMg were not
available on day 14 because of poor cell viability that
was attributed to time lapse until fixation and failure to
scrape the sublingual epithelium with sufficient force.
There was a significant (P = 0.03) decrease in icMg
concentration in the treatment horses between the
middle (day 38) and end (day 52) of phase 2.
Urinary Mg excretion after the IV Mg retention
test—The 24-hour EMg after IV infusion of Mg solution
was not significantly different between baseline, Mgreduced, or Mg-supplemented phases (Table 2).
Urinary Mg clearance after the IV Mg retention
test—The 24-hour CMg after the IV Mg retention test
was significantly (P = 0.008) decreased after feeding
the Mg-reduced diet for 4 weeks, compared with the

baseline value. After feeding the Mg-supplemented
diet, the 24-hour CMg increased from the value for the
Mg-reduced phase, but it was still significantly (P =
0.004) less than the baseline 24-hour CMg.
Urinary fractional clearance after the IV Mg
retention test—The 24-hour FCtMg after the IV Mg
retention test was significantly (P < 0.001) decreased
after feeding the Mg-reduced diet for 4 weeks, compared with the baseline value. After feeding the Mgsupplemented diet, the 24-hour FCtMg increased from
the value for the Mg-reduced phase, but it was still significantly (P = 0.005) less than the baseline 24-hour
FCtMg. The 24-hour FCiMg after the IV Mg retention
test was also significantly (P = 0.006) decreased after
feeding the Mg-reduced diet for 4 weeks, compared
with the baseline value. After feeding the Mg-supplemented diet, the 24-hour FCiMg increased from the
value for the Mg-reduced phase, but it was still significantly (P = 0.008) less than the baseline 24-hour
FCiMg.
Value for % Mg Ret after the IV Mg retention
test—We did not detect significant changes throughout the study for % Mg Ret after the IV Mg retention
test, regardless of the method used to calculate values.
Discussion
A diet containing Mg (600 mg/kg of feed) induced
detectable urinary conservation of Mg by 13 days after
onset of feeding in yearling horses, with a significant
reduction of urine Mg concentration, EMg, CMg, FCtMg,
and FCiMg. In the study reported here, serum tMg, serum
iMg, and muscle Mg concentrations were not changed
by the end of the Mg-restriction phase; however, a
decrease in icMg concentration in sublingual epithelial
cells was detectable. Our study validates the use of 6hour-interval EMg as an estimate of 24-hour EMg and the
use of spot sample FCtMg to detect reduced urinary
excretion of Mg. Spot sample collection provides a more
convenient indicator of Mg status, compared with Mg
concentrations for volumetric urine collections and calculation of 6- or 24-hour EMg. Calculation of % Mg Ret
by methods 1 and 2 (adjusting for basal EMg) or 3
(adjusting for urine creatinine concentration) failed to
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identify horses fed the low-Mg diet. In this study, diagnostic tests for the detection of reduced Mg intake in
horses were validated. The EMg was considered the most
sensitive indicator of Mg intake.
The diet used in this study was accepted well by
the horses, and all horses gained weight and remained
healthy during the study. Unfortunately, an error during preparation resulted in the low-Mg diet being
unbalanced with regard to NRC recommendations.33
The diet was moderately low in digestible energy, crude
protein, phosphorus, and potassium and extremely low
in calcium, with an inappropriate calcium-to-phosphorus ratio. Because the diet was not balanced, we cannot
make conclusions of the effect of a low-Mg diet on
serum, urine, or tissue concentrations of other electrolytes. Parathyroid hormone concentration is influenced by and subsequently affects calcium, phosphorus, and Mg homeostasis. The calcium and phosphorus
concentrations in the diet were low; thus, parathyroid
hormone may have influenced the Mg status, and the
interrelationship of these components on Mg homeostasis could not be investigated. Therefore, this study
was confined to describing the diagnostic tests for Mg
status. Control horses were fed unsupplemented grass
hay. Both batches of hay were extremely low in
digestible energy, crude protein, and sodium and moderately low in phosphorus, and batch 2 was extremely
low in calcium. Control horses were used as an environmental control without variations in any of the variables measured during the study.
The Mg concentration of our experimental diet was
higher than that in other studies16,34 of dietary-induced
hypomagnesemia in horses, but as intended, we did not
induce clinical signs of Mg depletion. Serum Mg concentration did not decrease in the horses subjected to
this method of reduced Mg intake. A severely Mg-deficient (7 mg/kg) diet fed to foals during a period of 150
days resulted in a decrease in serum tMg concentrations.34 That extreme dietary Mg deficiency induced
severe clinical signs of muscular tremors, ataxia, collapse, and seizures in 2 of 11 foals, with death in 1 of
the affected foals.34 When fed a diet containing 370 mg
of Mg/kg, serum tMg concentrations in Shetland ponies
decreased after 18 days.16 It is not known whether
serum hypomagnesemia would have developed if our
deficiency period had exceeded 28 days. Such a moderate dietary restriction of Mg may be compensated by a
reduction in urinary and fecal excretion with no reduction in total body Mg content. Reduction in serum Mg
content is only likely when Mg depletion is too severe
to be successfully compensated by renal and intestinal
mechanisms and release of Mg from skeletal stores.
Severe chronic Mg deficiency or acute Mg redistribution is required to alter serum Mg concentrations
because homeostatic mechanisms maintain intracellular and serum concentrations within narrow limits. In
humans, serum Mg concentrations can be within the
reference range in the face of total body Mg depletion35,36 identified by use of an IV Mg retention test6,37;
evaluation of muscle biopsy specimens; and measurement of intracellular concentrations in RBCs,6,31 leukocytes,2,38 or sublingual epithelial cells.39 Measurement of
serum tMg concentrations is inexpensive and conve-

nient but generally provides an insensitive indicator of
total body Mg. Serum tMg and iMg concentrations
were slightly increased in the study reported here after
feeding an Mg-supplemented diet that contained Mg in
excess of daily requirements.20,21,33 Other studies16,21 in
which investigators fed excess dietary Mg also resulted
in increases in serum tMg concentrations.
Baseline muscle Mg content of the yearling horses
of our study was lower than that of pastured adult
horses,40 which could have been attributable to geographic differences in the mineral content of feed,
growth status, or age. We did not detect any change in
muscle Mg content with dietary manipulation, a finding supported by results of another study.34
Measurement of EMg was considered the most sensitive indicator of Mg status in our horses. In humans,
EMg can decrease from 1.7 to 0.34 mg/kg/d in states of
Mg deficiency.41 In comparison, we found baseline EMg
to be much higher in horses (9.8 mg/kg/d). Our results
are comparable to those for a study42 of dietary cationanion balance in adult horses in which EMg varied
between 5 and 9 mg/kg/d in horses fed diets of differing dietary cation-anion balance containing 2,200 to
2,400 mg of Mg/kg of feed. A study43 of 11 geldings
revealed a much higher mean EMg of 21 ± 8 mg/kg/d.
Volumetric urine collection is required for the
determination of 24-hour EMg. Volumetric urine collection is labor-intensive and tedious. We compared
successive 6-hour-interval EMg at each phase of dietary
Mg manipulation and found no diurnal variation,
thereby validating the use of 6-hour-interval EMg to
estimate 24-hour EMg.
The typical dietary intake of Mg in humans is
much less than the daily requirement in horses.
Herbivorous diets generally provide excess Mg; therefore, horses are less likely to develop chronic dietary
Mg deficiency and subsequent clinical signs of hypomagnesemia. We found that EMg was stable between
days 37 and 51 of the study (corresponding to days 13
to 28 of exclusive feeding of the Mg-deficient diet). We
believe that equilibrium between Mg intake, metabolic
requirements, and excretion was achieved with minimal effects on total body Mg status. By extrapolating a
linear equation of urinary Mg excretion versus Mg
intake, other investigators20,21 estimated the endogenous EMg to be 3.93 mg/kg/d when there was no Mg
intake. This theory was disproved in another study16 in
which it was documented that for extremely low Mg
intake, the aforementioned equation was no longer linear and EMg was reduced to 0. The kidneys and gastrointestinal tract attempt to maintain Mg homeostasis
in the face of Mg depletion by reducing urinary and
fecal excretion of Mg. Once EMg reaches a minimal
amount, additional reductions in Mg intake cannot be
compensated, resulting in decreases in serum and tissue Mg concentrations. With more severe restriction of
Mg intake than was used in our study, we hypothesize
that EMg would decrease to less than the observed 2.0
mg/kg/d.
Analysis of our results did not reveal differences
among any of the 6-hour-interval CMg or EMg on each of 4
days of sample collection. Because of the lack of diurnal
variation, 6-hour-interval CMg and EMg provide valid estiUnauthenticated | Downloaded 11/28/22 12:11 PM UTC
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mates of 24-hour CMg and EMg in horses. The accuracy of
spot sample FC, as a representation of 24-hour-interval
clearance, is controversial.26,42,44,45 Although there is considerable individual variation in FCMg among horses, we
did not detect variation among mean 24-hour, 6-hourinterval, and spot sample FCMg during a 24-hour period.
Therefore, the spot sample FCMg adequately reflected
FCMg calculated for volumetric urine collection. Our spot
samples were obtained via aspiration from the indwelling
catheter that was maintaining bladder evacuation, rather
than via catheterization of a full or partially full bladder in
which there may be ventral settling of crystalline material. The use of single random-sample spot FCMg eliminates
the necessity of volumetric urine collection, but we postulate that there may be differences in mineral concentrations from samples aspirated from the top of a full bladder, compared with concentrations in midstream samples
obtained from the beginning, middle, or end of urination.
Acidification of urine to dissolve urinary crystals is considered essential for complete Mg quantification.44,45
Although not described in the veterinary literature, FCiMg has been advocated as a test of Mg excretion because only ionized or free serum Mg is filtered
across the glomerulus, whereas the protein-bound
serum Mg will not be filtered.7 Use of serum iMg in
the fractional clearance calculation allows investigators to calculate FCiMg. In the study reported here, we
have provided reference ranges for FCiMg in clinically
normal horses fed a typical diet or a reduced-Mg diet.
The Mg retention test is considered the most sensitive index of total body Mg stores in humans.24,31,37 The
dosage of infused Mg varies between 1.7 and 10
mg/kg.18,24,31 We performed our Mg retention test by use
of a dosage of 10 mg/kg without adverse effects 3 times
in each of 9 horses. The Mg retention test does not
appear to be a sensitive indicator of Mg status in horses,
at least in our depletion model. It is not known whether
the Mg retention test would be a more sensitive indicator of Mg status in horses subjected to a more severe
method of Mg depletion. The typical diet of horses has a
high Mg content that results in an endogenous EMg
approximately 10 times greater than the EMg of
humans.16,41-43 In humans, the amount of Mg infused for
the retention test is 1 to 30 times greater than the
endogenous EMg.18,24,31,41 The horses in the study reported
here had an endogenous EMg similar to the amount of
Mg infused for the retention test. Although the dose of
Mg sulfate used in this study was equal to the maximum
dose used in humans, a potentially higher dose may be
required in horses. In humans, most of the excessive Mg
is excreted via the urine,31 whereas in horses, most of the
excessive Mg is excreted in the feces.16,42 However, we
did not analyze Mg content of fecal material in our
study. The Mg retention test can be safely performed in
horses, but its ability to successfully indicate Mg depletion in horses requires further investigation.
a
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Appendix 1
Composition of the reduced-magnesium diet
Component

%

Fine wood shavings (cellulose)
Chopped corn
Sugar
Starch
Casein
Soybean fiber
Soybean oil
Mineral-and-vitamin supplement

31.3
25.2
10.1
10.1
7.9
8.1
3.0
2.1

Appendix 2
Results of analysis of the diets fed to the 2 groups of horses
Requirements* Grass
for growing
horses33
Batch 1

Variable

Dry matter (%)
Crude protein (%)
ADF (%)
NDF (%)
Lignin (%)
Estimated crude
fat (%)
Ash (%)
DE (Mcal/kg)
Calcium (%)
Magnesium (%)
Sodium (%)
Potassium (%)
Phosphorus (%)

NA
12.6
NA
NA
NA
NA
NA
2.8
0.43
0.16
0.100
0.3
0.24

88.9
5.6
41.9
64.2
4.0
2.4
7.9
1.7
0.50
0.24
0.007
1.2
0.22

Batch 2

Reducedmagnesium
diet†‡

86.6
6.8
40.6
61.6
2.7
2.4

90.1
9.9
38.1
44.1
0.3
3.5

hay

8.9
1.8
0.37
0.22
0.008
1.6
0.22

1.7
2.3
0.11
0.06
0.240
0.2
0.15

Values are reported on a dry-matter basis.
*Recommendations of the National Research Council. †Three
samples of the reduced-magnesium diet were analyzed, and the
means of the results are reported. ‡Horses in the treatment group
were also fed a magnesium-supplemented diet, which was the
same formulation as the reduced-magnesium diet but with the
addition of magnesium oxide at a rate of 40 mg/kg/d.
NA = Not applicable. ADF = Acid detergent fiber. NDF = Neutral
detergent fiber. DE = Digestible energy.

References
1. Wacker WE, Parisi AF. Magnesium metabolism. N Engl J
Med 1968;278:658–663.
Unauthenticated | Downloaded 11/28/22 12:11 PM UTC

AJVR, Vol 65, No. 4, April 2004

429

2. Rude RK, Oldham S. Disorders of magnesium metabolism
In: Bohen RD, ed. The metabolic and molecular basis of acquired disease. London: Balliere Tindall, 1990;1124–1148.
3. Montgomerie RF, Savage WH, Dodd EC. Tetany in Welsh
mountain ponies. Vet Rec 1929;9:319–324.
4. Harrington DD. Pathological features of magnesium deficiency in young horses fed purified rations. Am J Vet Res 1974;
35:503.
5. Meijer P. Two cases of tetany in the horse. Tijdschr
Diergeneeskd 1982;107:329–332.
6. Elin RJ. Magnesium: the fifth but forgotten electrolyte. Am
J Clin Pathol 1994;102:616–622.
7. Zalman SA. Hypomagnesemia: disease of the month. J Am
Soc Nephrol 1999;10:1616–1622.
8. Chernow B, Bamberger S, Stoiko M, et al. Hypomagnesemia
in patients in postoperative intensive care. Chest 1989;95:391–397.
9. Ryzen E. Magnesium homeostasis in critically ill patients.
Magnesium 1989;8:201–212.
10. Toll J, Erb H, Birnbaum N, et al. Prevalence and incidence
of serum magnesium abnormalities in hospitalized cats. J Vet Intern
Med 2002;16:217–221.
11. Johansson AM, Gardener SY, Jones SL, et al. Hypomagnesemia
in hospitalized e horses. J Vet Intern Med 2003;17:860–867.
12. Garcia-Lopez JM, Provost PJ, Rush JE, et al. Prevalence and
prognostic importance of hypomagnesemia and hypocalcemia in
horses that have colic surgery. Am J Vet Res 2001;62:7–12.
13. Toribio RE, Kohn CW, Chew DJ, et al. Comparison of serum
parathyroid hormone and ionized calcium and magnesium concentrations and fractional urinary clearance of calcium and phosphorus
in healthy horses and horses with enterocolitis. Am J Vet Res 2001;
62:938–947.
14. Huijgen HJ, Soesan M, Sanders R, et al. Magnesium levels in
critically ill patients—what should we measure? Am J Clin Pathol 2000;
114:688–695.
15. Dai LJ, Ritchie G, Kerstan D, et al. Magnesium transport in
the renal distal convoluted tubule. Physiol Rev 2001;81:51–84.
16. Meyer H, Ahlswede L. Magnesium metabolism in the horse.
Zentralbl Veterinarmed [A] 1977;24:128–139.
17. Hebert P, Mehta N, Wang J, et al. Functional magnesium
deficiencies in critically ill patients identified using magnesium loading test. Crit Care Med 1997;25:749–755.
18. Dyckner T, Wester PO. Magnesium deficiency—guidelines
for diagnosis and substitution therapy. Acta Med Scand Suppl 1982;
661:37–41.
19. Green HH, Allcroft WM, Montgomerie RF. Hypomagnesemia
in equine transit tetany. J Comp Pathol Ther 1935;48:74–79.
20. Hintz HF, Schryver HF. Magnesium metabolism in the
horse. J Anim Sci 1972;35:755–759.
21. Hintz HF, Schryver HF. Magnesium, calcium and phosphorus
metabolism in ponies fed varying levels of magnesium. J Anim Sci 1973;
37:927–930.
22. Harrington DD, Walsh JJ. Equine magnesium supplements:
evaluation of magnesium oxide, magnesium sulphate and magnesium
carbonate in foals fed purified diets. Equine Vet J 1980;1980:32–33.
23. Lindholm A, Piehl K. Fiber composition, enzyme activity
and concentrations of metabolites and electrolytes in muscles of
standardbred horses. Acta Vet Scand 1974;15:287–309.
24. Clague JE, Edwards RH, Jackson MJ. Intravenous magnesium loading in chronic fatigue syndrome. Lancet 1992;340:124–125.
25. EPA protocol: method 3051 microwave assisted acid digestion of sediments, sludges, soils and oils. Washington, DC:
Environmental Protection Agency, 1994.

26. Deem Morris D, Divers T, Whilock R. Renal clearance and
fractional excretion of electrolytes over a 24-hour period. Am J Vet
Res 1984;45:2431–2435.
27. Traver DS, Salem C, Coffman JR, et al. Renal metabolism of
endogenous substances in the horse: volumetric vs. clearance ratio
methods. J Equine Med Surg 1977;1:378–382.
28. Ryzen E, Elbaum N, Singer F, et al. Parenteral magnesium
tolerance testing in the evaluation of magnesium deficiency.
Magnesium 1985;4:137–147.
29. Seyfert T, Dick K, Renner F, et al. Simplification of the magnesium loading test for use in outpatients. Trace Elements Electrolytes 1998;
15:120–126.
30. Rob PM, Dick K, Bley N, et al. Can one really measure magnesium deficiency using the short-term magnesium loading test? J
Vet Intern Med 1999;246:373–378.
31. Nadler JL, Rude RK. Disorders of magnesium metabolism.
Endocrinol Metab Clin 1995;24:623–641.
32. Hansen B. Disorders of magnesium. In: DiBartola SP, ed.
Fluid therapy in small animal practice. 2nd ed. Philadelphia: WB
Saunders Co, 2000;175–186.
33. National Research Council. Nutrient requirements in the
horse. 5th ed. Washington, DC: National Academy of Sciences
National Research Council, 1989.
34. Harrington DD. Influence on magnesium deficiency on
horse foal tissue concentrations of magnesium, calcium and phosphorus. Br J Nutr 1975;34:45–57.
35. Barnes BA, Cope O, Harrison T. Magnesium conservation in human
beings on a low magnesium diet. J Clin Invest 1958;37:430–440.
36. Reinhart RA. Magnesium metabolism: a review with special
reference to the relationship between intracellular content and
serum levels. Arch Intern Med 1988;148:2415–2420.
37. Rasmussen HS, McNair P, Goransson L, et al. Magnesium
deficiency in patients with ischaemic heart disease with and without
acute myocardial infarction uncovered by an intravenous loading
test. Arch Intern Med 1988;148:329–332.
38. Stendig-Lindberg G, Harsat A, Graff E. Magnesium content of
mononuclear cells, erythrocytes and 24-hour urine in carefully screened
apparently healthy Israelis. Eur J Clin Chem Clin Biochem 1991;
29:833–836.
39. Haigney MC, Silver B, Tanglao E, et al. Noninvasive measurement of tissue magnesium and correlation with cardiac levels.
Circulation 1995;92:2190–2197.
40. Grace ND, Pearce SG, Firth EC, et al. Content and distribution of macro- and micro-elements in the body of pasture fed horses. Aust Vet J 1999;77:172–176.
41. Sutton RA, Domrongkitchaiporn S. Abnormal renal magnesium handling. Miner Electrolyte Metab 1993;19:232–240.
42. McKenzie EC, Valberg SJ, Godden SM, et al. Plasma and
urine electrolyte and mineral concentrations in Thoroughbred horses
with recurrent exertional rhabdomyolysis after the consumption of
diets varying in cation-anion balance. Am J Vet Res 2002;
63:1053–1060.
43. Rumbaugh GE, Carlson GP, Harrold D. Urinary production
in the healthy horse and in horses deprived of feed and water. Am J
Vet Res 1982;43:735–737.
44. Kohn CW, Strasser SL. 24-hour renal clearance and excretion of endogenous substances in the mare. Am J Vet Res 1986;
47:1332–1337.
45. McKenzie EC, Valberg SJ, Godden SM, et al. Comparison of volumetric urine collection versus single-sample urine collection in horses
consuming diets varying in cation-anion balance. Am J Vet Res 2003;
64:284–291.

Unauthenticated | Downloaded 11/28/22 12:11 PM UTC

430

AJVR, Vol 65, No. 4, April 2004

