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of Oxalate Retention in Patients with Chronic Renal Failure
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Abstract

Serum oxalate rises in uremia because of decreased renal clear-
ance, and crystals of calcium oxalate occur in the tissues of uremic
patients. Crystal formation suggests that either uremic serum is
supersaturated with calcium oxalate, or local oxalate production
or accumulation causes regional supersaturation. To test the first
alternative, we ultrafiltered uremic serum and measured super-
saturation with two different methods previously used to study
supersaturation in urine. First, the relative saturation ratio (RSR),
the ratio of the dissolved calcium oxalate complex to the ther-
modynamic calcium oxalate solubility product, was estimated
for 11 uremic (before and after dialysis) and 4 normal serum
samples using a computer program. Mean ultrafiltrate oxalate
predialysis was 89+8 uM/liter (- SEM), 314 postdialysis, and
103 in normals. Mean RSR was 1.710.1 (predialysis), 0.7+0.1
(postdialysis), and 0.2+0.1 (normal), where values >1 denote
supersaturation, <1, undersaturation. Second, the concentration
product ratio (CPR), the ratio of the measured calcium oxalate
concentration product before to that after incubation of the sam-
ple with calcium oxalate monohydrate crystal, was measured in
seven uremic and seven normal serum ultrafiltrates. Mean oxalate
was 91+11 (uremic) and 8+3 (normal). Mean CPR was 1.4+0.2
(uremic) and 0.2+0.1 (normal). Predialysis, 17 of 18 uremic ul-
trafiltrates were supersaturated with respect to calcium oxaiate.
The degree of supersaturation was correlated with ultrafiltrate
oxalate (RSR, r = 099, n = 29, P < 0.001; CPR, r = 0.75, n
= 11, P < 0.001). A value of ultrafiltrate oxalate of 50 uM/liter
separated undersaturated from supersaturated samples and oc-
curred at a creatinine of ~9.0 mg/dl.

Introduction

Serum oxalate concentration increases during chronic renal fail-
ure (1, 2), and is above normal in virtually all patients who
require chronic dialysis (3-5), because oxalate is removed from
the body almost entirely by filtration at the renal glomerulus
(6-8) and by secretion in the early portions of the proximal
tubules (9-11). In some patients with chronic renal failure, crys-
tals of calcium oxalate have been identified in kidney, blood
vessels, myocardium, thyroid, synovia, cartilage, bone, and
periodontium (12-17). The formation of crystals indicates that

This work was presented in part at the American Society of Nephrology,
Washington, DC, 1984, and the American Society of Nephrology, New
Orleans, 1985, and was published as abstracts (1985. Kidney Int. 27:
251 and 1986. Kidney Int. 29:315).

Received for publication 21 October 1985.

J. Clin. Invest.

© The American Society for Clinical Investigation, Inc.
0021-9738/86/06/1888/09 $1.00

Volume 77, June 1986, 1888-1896

1888 E. M. Worcester, Y. Nakagawa, D. A. Bushinsky, and F. L. Coe

calcium oxalate concentrations in these tissues must have ex-
ceeded the solubility limit on some occasions, but the mechanism
by which this occurs is not clear. Tissue calcium and oxalate
concentrations could exceed the solubility limit because the
serum itself is supersaturated with respect to calcium oxalate.
Alternatively, the tissues may selectively accumulate calcium or
oxalate, or they may produce oxalate. Heart, kidney, liver,
erythrocytes, and leukocytes are all known to produce oxalate
(18, 19), and, at least in kidney, tissue oxalate levels can exceed
those of blood (20).

Hyperoxalemia could, but need not necessarily, cause serum
supersaturation. Serum oxalate levels reported in patients with
chronic renal failure have ranged from 22 to 200 uM/liter (1-
5, 14, 21-23), and blood ionized calcium is generally ~1 mM
(24). The chemical product of calcium ion and total oxalate is
therefore ~22-200 X 10~° M2, far above the ion activity product
of 2.25 X 10~° M2, which has been determined for simple so-
lutions at thermodynamic equilibrium with a solid phase of cal-
cium oxalate monohydrate (25). However, the fraction of serum
oxalate that is free, not involved in soluble complexes with so-
dium, potassium, calcium, and other cations, is unknown: in
urine <50% is usually free (25, 26). The divalent activity coef-
ficient in solutions containing 140 mM sodium is ~0.325 (25),
so the free-ion activity product may be estimated as (0.325)
X (0.5) X (measured oxalate) X (0.325) X (1 mM) or ~1.16-
10.6 X 1072 M2, In other words, calculated estimates range from
below to above the solubility limit, so the likelihood of serum
supersaturation in chronic renal failure is difficult to gauge, and
measurements of supersaturation are essential.

We have measured serum supersaturation with respect to
calcium oxalate monohydrate using two independent methods,
both of which have been used to estimate supersaturation in
urine (25, 27, 28). One method (25) uses an iterative computer
model of the polyelectrolyte equilibria of serum ultrafiltrates to
calculate the calcium oxalate free-ion activity product, from
which the solution activity of dissolved calcium oxalate complex
[CaOx] is calculated. This value, divided by the known solubility
of [CaOx] in aqueous solution (6.16 X 107 M) (25), is the relative
supersaturation of the serum with respect to calcium oxalate. In
the other method (27, 28), serum ultrafiltrates are incubated
with preformed crystals of calcium oxalate monohydrate for a
period long enough to permit the attainment of thermodynamic
equilibrium; the ratio of the calcium oxalate chemical product
before to that at the end of the incubation, the concentration
product ratio (CPR),! gives a direct estimate of supersaturation.
In addition, we have estimated serum supersaturation with re-
spect to four other materials that could produce soft tissue crystal
deposits: hydroxyapatite, brushite, calcium carbonate, and so-
dium hydrogen urate (29, 30).

1. Abbreviations used in this paper: CPR, concentration product ratio;
HPLC, high-performance liquid chromatography; RSR, relative satu-
ration ratio.



Methods

Patients and normal subjects

Activity products and relative supersaturation with respect to calcium
oxalate, hydroxyapatite, brushite, calcium carbonate, and sodium hy-
drogen urate were calculated by using measurements made in fasting
serum and serum ultrafiltrates from 11 patients with chronic renal failure
receiving thrice-weekly hemodialysis for at least 1 yr, 3 patients with
chronic renal insufficiency who did not require dialysis, and 4 normal
subjects. No patient had primary hyperoxaluria or renal stones. In dialysis
patients, blood samples were drawn from their arteriovenous fistulas
immediately predialysis—prior to the administration of heparin—and
at the end of 4 h of dialysis. Patients took their usual medications, in-
cluding multivitamins containing pyridoxine and 100-200 mg of vitamin
C. In the three patients with chronic renal insufficiency and the four
normal subjects, samples for pH, carbon dioxide tension (Pco,), and
ionized calcium were obtained from arterialized venous blood (31), and
antecubital venous blood was used for all other measurements. Each
patient and normal subject collected a 24-h urine sample during the day
prior to blood drawing. Oxalate excretion was 23+2 mg/24 h
(mean+SEM) in the four normal subjects, 30+3 in the three patients
with renal insufficiency (P = NS vs. normal subjects), and 4+1 in the
six dialysis patients who produced urine (P < 0.001 vs. both groups).

Using the same blood sampling methods, direct supersaturation
measurements were made on serum ultrafiltrates from an additional
seven patients receiving hemodialysis, and seven normal subjects; post-
dialysis measurements were precluded by the heparin given during di-
alysis, which slows the growth of the seed crystals (32). It was not possible
to measure supersaturation and also calculate free ion products in the
same blood samples, because this would have necessitated drawing ex-
cessive amounts of blood from each patient (~ 150 ml).

Supersaturation measurements

Calculated values. The calcium oxalate ion activity product was calculated
using a computer program (25), with the measurements shown in Table
I. The computer program calculates free ion concentrations using the
concentrations of ligands and known stability constants for each of 62
species. Inasmuch as we actually measured ionized calcium, we were
able to insert this known value in the program for each patient. Divalent
ion activity coefficients were calculated from ionic strength in a conven-
tional manner, using the Davies modification of the Debye-Huckel so-
lution to the Poisson-Boltzmann equation (25). The program simulta-
neously solves for all possible binding interactionsamong the 13 measured
substances. Oxalate and calcium ion activities were used to calculate the
free-ion activity product. The free ions in solution are considered to be
in an equilibrium with dissolved calcium oxalate [CaOx] governed by a
stability constant (K) of 2.74 X 10°> M. The value of [CaOx] in a solution
at equilibrium with a solid phase of calcium oxalate, the solubility of
[CaOx], is 6.16 X 10~ M per liter (25). The calcium oxalate ion activity
product of a solution at equilibrium is 2.25 X 10~° M2 (25). The relative
supersaturation is calculated as the ratio of [CaOx] in a particular solution
to the solubility of [CaOx]. Similar calculations were performed for the
other solid phases (Table II). Ratios of 1 connote a sample at equilibrium,
above 1, supersaturation, and below 1 undersaturation (25, 33).

Directly measured supersaturation. Ionized calcium was measured
in whole blood, and total calcium and oxalate were measured in serum
ultrafiltrates, which were then adjusted to pH 7.40, and seeded with 10
mg/ml of preformed calcium oxalate monohydrate (CaOx) crystals (27,
28, 34). After 48 h of incubation at 37°C with constant stirring, the
crystals were removed by filtration through a 0.22-um Millipore filter
(Millipore Corp., Bedford, MA), and total and ionized calcium and total
oxalate were remeasured. The ratio of the calcium oxalate concentration
product before to that after incubation, the CPR, was calculated using
both the ionized and ultrafilterable calcium. Results from both calcu-
lations were similar (Table III). Calcium oxalate ion activity products
were also measured in buffered solutions, containing 0.05 M Tris-HCl,
pH 7.40, 140 mM NaCl, with or without 1 mM CaCl,, after incubation
for 48 h with 10 mg/ml of CaOx seed crystal.

Chemical measurements

Blood was drawn into sterile syringes, placed on ice, and pH, Pco,, and
ionized calcium were measured. An aliquot was used for measurement
of serum Na, K, Cl, Ca, Mg, PO,, uric acid and creatinine. The rest of
the sample was then immediately centrifuged (10°C) to remove cells,
and ultrafiltered by centrifuging for 25 min at 1,700 g at 10°C in ultra-
filtration cones (Centriflo 25CF, Amicon Corp., Danvers, MA).

Oxalate, citrate, and sulfate were measured in ultrafiltrates, not serum,
because serum proteins affect the determination methods we used. Es-
timates of the degree to which blood oxalate is ultrafilterable have ranged
from 86% to 95% (1, 35). In dialysis patients, serum and in vivo ultra-
filtrate oxalate concentrations do not differ (128+14 vs. 138+16 uM/
liter; P = NS) (23). In 42 experiments, we found the ultrafiltrate to serum
ratio of [**Cloxalate added to serum to be 0.98+0.02.

Oxalate can be produced after blood has been drawn, in vitro. Oxalate
may be produced nonenzymatically in serum (36); rapid ultrafiltration
and precipitation, used here, minimize this source of error. Erythrocytes
and leukocytes can produce oxalate through enzymatic oxidation of
glyoxylate (19, 37), but we did not wish to add conventionally used
enzyme inhibitors (37) to blood samples because of their possible inter-
actions with oxalate, calcium, or other blood ligands. We found no in-
crease in oxalate in a pooled serum sample from five normal volunteers,
collected without inhibitors, over 30 min on ice; the 30-min and starting
values were both 3.6 uM/liter. For patients with renal insufficiency or
uremia, the issue of in vitro production in serum is less important than
in normals, because the in vitro increments observed by others over
periods of greater duration (36) are small (5-10 uM/liter) compared with
measured values.

Oxalate. Oxalic acid was determined as the dihydroxy-quinoxaline
derivative (38) using high-performance liquid chromatography (HPLC)
with a C-18 reversed-phase column. After ultrafiltration, oxalate was
precipitated from ultrafiltrates or buffers with saturated calcium sulfate
in ethanol. The precipitate was dried and dissolved in 0.5 N ortho-phen-
ylenediamine in 4 N HCI; concentrated HCl was added, and tubes were
heated to 110°C for 20 min. The resulting derivative was extracted with
ethyl acetate and 8 M NaOH, and the extracted compounds were dried
under nitrogen. They were redissolved in distilled water and prefiltered
through a 0.5-um Millex-SR filter (Millipore Corp.), before being sepa-
rated and quantitated on an Altex Ultrasphere ODS reversed-phase HPLC
column (Altex Scientific Inc., Berkeley, CA) (0.46 X 25 cm), using a
linear methanol gradient (5-30%) in 0.35 M ammonium acetate, mon-
itored at 311 nm. The dihydroxy-quinoxaline derivative eluted as a single
peak at 17+1 min (Fig. 1). Because dicarboxylic acids and a-keto acids
form similar derivatives with ortho-phenylenediamine (39), derivatives
of a-ketoglutaric acid, fumaric acid, glyoxylic acid, phenylpyruvic acid,
pyruvic acid, and succinic acid were made. None of these derivatives
eluted at a retention time of 17+ 1 min under the conditions used in this
analysis.

Using aqueous standards of derivatized oxalic acid, the area under
the 17-min elution peak increased linearly with oxalate concentration
over the range of 2.5-40 uM (Fig. 2). The area of the oxalic acid peak
was calculated using an integrator (model 3390 A, Hewlett-Packard Co.,
Palo Alto, CA) connected to a spectrophotometer (model 100-10, Hitachi,
Tokyo, Japan). Recovery of ['*CJoxalate added to normal ultrafiltrates
was 32+1% in 19 experiments; in eight uremic ultrafiltrates, recovery
was 29+3% (P = NS, vs. normal). Recovery of ['“Cloxalate added to
standards was 25+ 1%. Inasmuch as recoveries were very consistent, they
were not measured in the uremic patients. However, in the normals, the
recoveries for the CPR measurements were individually calculated be-
cause levels of oxalate are low, raising the likelihood of error; in this
group, recovery was 36+1%. In 12 uremic serum ultrafiltrates, oxalate
was measured using both the HPLC and the zinc reduction methods
(40); values were 89+4 vs. 97+6 uM/liter, for HPLC vs. zinc reduction
respectively (P = NS).

Other methods. The pH and Pco, were measured with a blood gas
analyzer (model BMS Mk III, Radiometer, Copenhagen, Denmark), and
HCO; was calculated from the Henderson-Hasselbalch equation, as de-
scribed elsewhere (41). Serum and ultrafiltrate calcium and magnesium
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Table I1. Calculated Relative Supersaturation

Subjects
Solid phase Normal CRI Predialysis Postdialysis
Calcium oxalate 0.2+0.1 0.6+0.2 1.7£0.1*% 0.7+0.1*§
Brushite 0.25+0.02 0.36+0.03* 0.36+0.03* 0.21+0.011§
Hydroxyapatite (X 10'°) 0.4+0.1 0.5+0.2 0.8+£0.2 0.5+0.1
Sodium hydrogen urate 0.85+0.04 1.51+0.21 1.16+0.06* 0.46+0.04*+§
Calcium carbonate 2.1+0.1 1.3+£0.1* 1.9+0.1% 3.2+0.1*4§

Values are means=SEM. Abbreviations: CRI, chronic renal insufficiency. * Differs from normal, P < 0.05. i Differs from CRI, P < 0.05.

§ Differs from predialysis, P < 0.01.

were measured by atomic absorption spectrophotometry (Video 22, In-
strumentation Laboratory Inc., Andover, MA), ionized calcium by a
calcium ion-selective electrode at 37°C (model II, Nova, Newton, MA),
sodium and potassium by flame photometry (model 443, Instrumentation
Laboratory Inc.) (28, 42-44), phosphorus by autoanalyzer methods (Au-
toanalyzer model II, Technicon Instruments, Tarrytown, NY) and cre-
atinine by autoanalyzer (relative saturation ratio [RSR]) or by the Hei-
negard and Tiderstrom modification of the Jaffe method (CPR) (45); the
two creatinine methods gave identical results. Citrate was measured using
a coupled enzyme system in the presence of NADH (Boehringer Mann-
heim, Indianapolis, IN), chloride by electrometric titration (Buchler-
Cotlove, Fort Lee, NJ), sulfate by the method of Ma and Chan (46), and
urate by the uricase method (47). Urine oxalate was measured by re-
duction with zinc to glycolate (40).

Statistical methods

All data analysis employed conventional statistical methods for digital
computer (BMDP, University of California, Los Angeles, CA). Means

were compared using unpaired ¢ tests that do not assume equal variances.
Stepwise regression and least square linear regression were used to analyze
the relationship of total oxalate concentration to relative supersaturation
and CPR. P values >0.05 were not considered to be significant
(P = NS).

Results

Calculated supersaturation. Before dialysis, serum oxalate levels
of patients exceeded normal (Table I) almost ninefold, and after
dialysis by threefold. Calculated mean (+SEM) ionic oxalate
values (M X 107°) were 38+3 (predialysis) (P < 0.01 vs. other
three groups), 1316 (postdialysis), 12+3 (chronic renal insuffi-
ciency) and 5%2 (normal). The calcium X oxalate free-ion ac-
tivity product (Fig. 3) in patients with renal failure before dialysis
exceeded the solubility product (P < 0.01 vs. K,;), and exceeded
the ion products of the other three groups (P < 0.01, vs. all other

Table I11. Directly Measured Serum Calcium Oxalate Monohydrate Supersaturation

Preincubation Postincubation
Patient Age Sex HD Creat iCa UFCa Oxalate [iCa}(Ox) (UFCa)Ox) iCa UFCa Oxalate [iCa)(Ox) (UFCaOx) CPR CPR
mg/dl  mM/ mM/ uM/ X107 M?  X107° M? mM/ mM/  uM/ X107° M?  X107° M? iCa UFCa
liter liter liter liter liter liter
Uremic
D.A. 41 F 7 13 1.01 1.35 107 108 145 0.76 1.11 91 69 101 1.6 1.4
E.C. 51 F 6 12 0.97 1.22 45 44 55 0.69 1.01 49 34 49 1.3 1.1
AA. 24 F 4 18 0.98 1.28 88 86 113 0.73 1.06 87 64 92 1.3 1.2
SM. 49 F 12 13 0.80 1.04 68 54 71 0.58  0.86 83 48 71 1.1 1.0
F.A. 65 M 3 18 0.90 1.17 89 80 104 0.70 1.03 72 50 74 1.6 1.4
L.B. 29 M 5 18 1.08 1.52 107 116 163 056 — 75 42 — 2.8 —
EM. 45 F 11 13 1.04 1.54 131 136 202 0.99 1.55 63 62 98 22 2.1
Mean 43 7 15 0.97 1.30 91 89 122 0.72* 1.10 74 53+ 81 1.7 14
+SEM 5 1 1 004 007 It 13 20 0.05 0.10 6 5 8 0.2 0.2
Normal
JG. 23 M — 1 1.15 1.31 5 6 7 0.77 1.24 25 19 31 0.3 0.2
J.D. 26 F — i 1.13 1.28 8 9 10 0.72 1.13 36 26 41 0.3 0.2
Y.N. 45 M — 1 1.02 1.28 2 2 3 0.92 1.41 60 55 85 004 0.04
S.P. 23 F — 1 1.16 1.38 3 3 4 0.86 1.43 14 12 20 0.3 0.2
E.B. 31 F —_ 1 1.00 1.40 11 11 15 0.92 1.50 16 15 24 0.7 0.6
J.C. 32 M — 1 1.18 1.43 5 6 7 0.51 — 32 16 — 0.4 —
W.B 33 M — 1 1.06 —_ 24 25 — 0.61 — 51 31 — 0.8 —
Mean 30 1t 1.10t 1.35 8% 9% 8% 0.76* 1.34 33*t 25%t 40*¢ 041 0.2¢
+SEM 3 0.03 0.03 3 3 2 006 007 6 6 12 0.1 0.1

Abbreyiatfons: HD, time on dialysis (years); Creat, serum creatinine; iCa, arterial blood ionized calcium; UFCa, ultrafiltrate calcium; Ox, oxalate; [iCa}(Ox), product of
blood ionized calcium and ultrafiltrate oxalate concentrations; (UFCa)Ox), product of ultrafiltrate calcium and ultrafiltrate oxalate concentrations; CPR, concentration
product ratio. * Different from preincubation, P < 0.05.  Different from uremic, P < 0.05.
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Figure 1. HPLC chromatograms of derivatized oxalate standard or
serum samples. Samples were eluted from an Altex ODS Ultrasphere
reversed-phase column using a linear methanol gradient (5-30%) in
ammonium acetate 0.35 M, monitored at 311 nm. Chromatograms
were plotted by a Hewlett-Packard 3390A integrator (see Methods).
Elution position of derivatized oxalate indicated by arrow. (4) Deriva-
tized aquepus oxalate standard; (B) derivatized serum ultrafiltrate
from uremic subject; (C) derivatized serum ultrafiltrate from normal
subject.

groups). Although the mean ion product was below the solubility
limit in the chronic renal failure patients after dialysis, and in
the three patients with chronic renal insufficiency, both still ex-
ceeded that of normal subjects (P < 0.01, for both). The calcium
oxalate relative supersaturation for the individual samples in all
four groups (Fig. 4) was correlated strongly with oxalate con-
centration (r = 0.99, n = 29, P < 0.001). Above oxalate levels
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Figure 2. Calibration curve for HPLC method using aqueous oxalate
standards. Standards were derivatized in the same manner as serum
samples (Fig. 1), and eluted under the same conditions (see Methods).
Oxalate concentration, x-axis; area under the elution peak at 17 min,
y-axis. Values are mean+SEM, of three to four measurements each.

of 50 uM/liter, all RSR values were equal to or above 1; and all
values were below 1 for oxalate levels below 40 uM/liter.

All blood samples showed extreme hydroxyapatite super-
saturation (Table II) and were undersaturated with respect to
brushite. Calcium carbonate supersaturation in patients with
uremia was subnormal before hemodialysis, but exceeded normal
after dialysis. Patients with chronic renal insufficiency, and di-
alysis patients before hemodialysis treatments, had blood that
was supersaturated with respect to sodium hydrogen urate.

Measured supersaturation. Mean CPR values were above 1
in all but one of the uremic patients (Table III), and below 1 in
normal subjects; they are comparable to the calculated relative
supersaturation values found in the patients and normal subjects

a[ca**]x a[0x=] x 10"9M2

*

%,

Normal Chronic Pre- Post-
Renal Dialysis Dialysis
Insufficiency

Figure 3. Calculated calcium oxalate ion activity products in serum
samples from 4 normals, 3 patients with chronic renal insufficiency,
and 11 uremic patients before and after dialysis (see Methods). Values
are mean+SEM. The known thermodynamic solubility product (K,,)
of calcium oxalate at equilibrium (2.25 X 10~ M?, see Finlayson [25])
is shown as a horizontal line. *Differs from all other groups, P < 0.01,
and less than K,;, P < 0.01. +Differs from all other groups, P <0.01,
and greater than X,;, P < 0.01.
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Figure 4. Relationship between supersaturation with respect to cal-
cium oxalate (y-axis) vs. ultrafiltrate oxalate concentration (x-axis).
Calculated relative supersaturation (RSR) in patients before (0) and
after (0) hemodialysis, in patients with predialytic chronic renal insuf-
ficiency (¢) and in normal subjects (a), and CPR values, calculated
with ultrafilterable calcium, for normal subjects (a) and uremic pa-
tients (@) correlated well with ultrafiltrate oxalate concentration. Two
points are superimposed where oxalate = 23 uM/liter and where oxa-
late = 44 uM/liter. For both RSR and CPR, a value of 1 indicates a
solution which is at equilibrium with a solid phase of calcium oxalate;
values >1 indicate supersaturation, and <1 undersaturation. CPR

= 1.1 X ultrafiltrate oxalate + 0.14 (r = 0.75, n = 11, P < 0.001).
RSR = 1.8 X ultrafiltrate oxalate + 0.11 (r = 0.99, n = 29, P

< 0.001). Regressions differed (F = 12.0, P < 0.001).

shown in Table II. Values of CPR calculated with ultrafilterable
calcium (Fig. 4) correlated with oxalate concentration (r = 0.75,
n =11, P <0.001) as calculated relative supersaturation values
did. However, although CPR and relative supersaturation values
overlapped at some levels of serum oxalate, the regressions of
relative supersaturation and of CPR on serum oxalate concen-
tration differed; corresponding (RSR vs. CPR) slope values
(1.8+0.1 vs. 1.1£0.3) and intercept values (0.11 vs. 0.14) caused
significant differences in the final regressions (F = 12.0;
P < 0.001).

Simple buffered salt solutions with no initial calcium or ox-
alate (Methods) attained a final postincubation calcium ion
X chemical oxalate activity product of 3.2+0.7 X 10~ M2. The
final calculated ion activity product, 1.9+0.4 X 10~° M2, does
not differ significantly from the calcium oxalate solubility prod-
uct of 2.25 X 10~° M2 (P = NS) calculated by Finlayson (25).
In six other experiments, the buffer solution initially contained
1 mM of calcium chloride; the final ion activity product was
2.60.6 X 10™° M2, not significantly different from 1.9 X 10~°
M? or 2.25 X 10™° M2, '

Discussion

In patients with renal failure who require dialysis, oxalate re-
tention seems to supersaturate the blood with respect to calcium
oxalate monohydrate. Calculated calcium oxalate ion activity
products exceed the equilibrium product of 2.25 X 10~ M? in

virtually all predialysis samples. Measured values of CPR exceed
1, indicating supersaturation, in all predialysis samples except
one. The two methods agree closely with one another, even
though they have different experimental bases, and were used
on different populations of patients and normals. Supersaturation
correlates well enough with the ultrafiltrate oxalate concentration
so that the latter is a remarkably good clinical gauge. Supersat-
uration of the blood means that there is a potential for nucleation
and growth of calcium oxalate crystals in any perfused tissue.
Because our measurements were made in ultrafiltrate, the ex-
tracellular fluid generally may be supersaturated.

Our conclusion is based upon several assumptions that were
necessary for the study and seem reasonable. Our purpose was
to estimate supersaturation in the aqueous phase of blood

" plasma. We calculated supersaturation using measurements of

ionized calcium, pH, and PcO, in whole blood; measurements
of sodium, potassium, chloride, magnesium, phosphate, and
urate in serum; and measurements of citrate, sulfate, and oxalate
in ultrafiltrates. We wish to extrapolate these blood, serum, and
ultrafiltrate measurements to intact blood plasma. To the extent
that our ultrafiltrate concentrations underestimated plasma ox-
alate, our estimates of supersaturation underestimate that of
plasma, whereas our main conclusion is that supersaturation is
common in chronic renal failure. Our direct measurements place
the ultrafiltrate to plasma ratio for oxalate at 0.98+0.02, indi-
cating that errors from this extrapolation are minimal. Errors
in citrate are unlikely to be important in our system, inasmuch
as we used actual measured values of blood ionized calcium in
our computer program, and these values are as close as one can
get to the concentration of ionized calcium in plasma. The main
effect of citrate in the program is as a ligand of calcium (25).

The CPR values are based upon different measurements.
Ionized calcium was measured in blood, total calcium and ox-
alate in ultrafiltrates, and CPR was calculated using both ionized
and total calcium values with similar results. Despite the great
differences of approach, CPR and calculated supersaturation are
very similar, and both vary similarly with total ultrafiltrate ox-
alate concentration. The concordance of the methods, and of
the CPR values based on total and ionized calcium, supports
the idea that our assumptions are warranted, and that we have
made a reasonable measurement of supersaturation in blood.
The differences between RSR and CPR are in the slope of their
regressions on ultrafiltrate oxalate (Fig. 4); CPR is generally lower
than RSR. This difference is reminiscent of, though not exactly
comparable to, differences of these two methods applied to urine
(34) and does not affect our conclusion. Because CPR and RSR
depend upon calcium level only slightly, the use of ionized or
ultrafiltrate calcium affects CPR only slightly and does not affect
our conclusion.

Recoveries of oxalate were less than complete in our method,
and we did not do [!*C]oxalate recovery measurements in all of
our samples; however, we view this as a reasonable approach.
Our oxalate values for normals (9+2 uM/liter) and uremic pa-
tients (90+6) are very close to those reported by others (22, 48)
using chemical determination methods. In addition, the zinc
reduction method and HPLC method agree closely in uremic
ultrafiltrates. When we measured recovery in this experiment,
recovery results for normals (36+1%) and patients (29+3%) were
not different from the mean recovery (32+1%) measured during
the development of the method. Our seeded buffer developed
equilibrium calcium X oxalate ion products indistinguishable
from the published value, using our oxalate method. Measured
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CPR varies regularly with measured ultrafiltrate oxalate, whereas
serious variation of the results would necessarily affect the ratio
of pre- to postincubation calcium X oxalate products and in-
crease the variability of the relationship. Finally, CPR and RSR
are similar at equivalent values of ultrafiltrate oxalate, although
CPR depends upon a ratio of two measurements of ultrafiltrate
oxalate, and RSR upon only one oxalate measurement.

The level of supersaturation in renal failure patients prior
to dialysis approximates that of normal urine (27, 28, 33). Both
the calculation and CPR approaches were, in fact, originally
designed to estimate calcium oxalate supersaturation in urine
(27, 33), and have been widely used for this purpose (28, 34). It
is not surprising that calcium oxalate supersaturation in blood
is similar to that of urine, as the blood oxalate level rises to urine
levels as the kidneys fail. A major potential difference between
blood and urine is that urine contains powerful inhibitors of
calcium oxalate crystal growth (49, 50) and nucleation (27, 51),
whereas blood may or may not. The degree of supersaturation
needed to initiate crystal formation, called the formation product,
is higher in urine than in simple salt solutions (27), presumably
because of inhibitors. The formation product is not known for
plasma, ultrafiltrates, or blood. An inhibitor, if present in blood,
could increase the formation product and alter the degree of
crystallization produced by a given supersaturation.

The relationship between the level of renal function and the
degree of supersaturation, although very important, is not known
in detail. Our studies of three patients suggest that at creatinine
levels as high as 6-8 mg/dl, supersaturation is not present. If
this holds true for a large group of patients, then systemic calcium
oxalate crystal deposition ought not to occur until patients nearly
require dialysis. Local events, however, such as oxalate produc-
tion (18) by kidney (52), liver (53) or heart (54), or preformed
nucleation sites such as in bone (55), may foster calcium oxalate
crystallization even without blood supersaturation. Likewise, the
tendency of the kidney to concentrate oxalate (20, 56) or calcium
in tubule lumens or interstitium could foster renal calcium ox-
alate deposits.

Because we and others have found that oxalate varies reg-
ularly with serum creatinine concentration, we can estimate the
approximate level of creatinine at which oxalate will exceed 40-
50 uM/liter, the threshold of supersaturation. Compilation of
the available data from the literature (1, 4, 5, 37, 57), and from
this study, allows us to construct a reasonable regression rela-
tionship, which suggests a creatinine of 9 mg/dl as the level at
which supersaturation would almost universally occur in chronic
renal failure (Fig. 5), and a level of about 7 mg/dl at which
supersaturation would first occur.

Blood calcium oxalate supersaturation probably is respon-
sible for the crystals of calcium oxalate seen in kidney, myo-
cardium, blood vessels, and other tissues (12-17) in patients
with uremia. These deposits have been associated with conduc-
tion defects (16), congestive heart failure (16, 58), arthritis (14),
bone disease (55), periodontal disease (17), granulomas (59),
and a vasculitis-like syndrome (15). Calcium oxalate crystals
may be able to trigger inflammatory reactions through comple-
ment activation in situ (60). Oxalate crystals are certainly a factor
in the renal failure and systemic disease produced by hereditary
oxalate overproduction states (61, 62), drugs (63), and toxins
(64) that increase oxalate production, as well as in the hyperox-
aluria seen with various intestinal diseases and after ileal resection
or bypass (26); thus calcium oxalate supersaturation has an ob-
vious potential to produce disease.
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Figure 5. Serum oxalate concentration (y-axis) vs. serum creatinine
level (x-axis). Data compiled from five reported studies: (0) Constable
et al. (1); (+) Boer et al. (4); (0) Balcke et al. (5); (m) Akcay and Rose
(37); (a) Barsotti et al. (57); (e) the present study. Three points are su-
perimposed where creatinine = 1 mg/dl and oxalate = 5 uM/liter. Ox-
alate = 5.2 X creatinine + 2.34 (r = 0.84, n = 57, P < 0.001). Serum
oxalate seems to achieve a value of 40-50 uM/liter, the lower limits of
supersaturation, at serum creatinine values of ~9 mg/dl.

We have shown that dialysis lowers supersaturation, so one
might expect well-dialyzed patients to have fewer deposits than
patients whose dialysis has been delayed or inadequate. Salyer
and Keren (13) found fewer deposits in patients treated by
chronic hemodialysis than in those receiving peritoneal dialysis
or in undialyzed patients with chronic renal failure.

Other maneuvers that lower supersaturation may also reduce
deposits. Pyridoxine may lower serum oxalate levels in renal
failure patients; Balcke and co-workers (65) found that serum
oxalate levels decreased from 149.5 to 93.8 uM/liter after 4 wk
of pyridoxine treatment. Supersaturation would decrease from
2.6 before treatment to 1.7 afterwards, if our oxalate measure-
ment method gives comparable results with theirs, and the other
serum values that control supersaturation were comparable:
therefore the treatment may not abolish supersaturation. Barsotti
et al. (57) found that a low protein diet supplemented with es-
sential amino acids and keto-acid analogues lowered serum ox-
alate from 64.1 to 35.9 pM/liter in a group of patients with
chronic renal failure not on dialysis. This would lower relative
supersaturation from 1.2 to 0.7, a potentially important change.

Overall, hyperoxalemia in chronic renal failure produces su-
persaturation of the blood with respect to calcium oxalate
monohydrate, and therefore has the potential to cause systemic
soft tissue calcium oxalate deposition. The supersaturation seems
to be nearly universal in patients who require dialysis, and is
improved by dialysis. Supersaturation clearly does result in cal-
cium oxalate deposition in some patients, and may play a role
in the systemic disease of renal failure. Evaluation of therapies
that seek to lower serum oxalate should include estimates of
their effect on supersaturation.
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