0031-3998/94/3503-0357$03.00/0
PEDIATRIC RESEARCH
Copyright © 1994 International Pediatric Research Foundation, Inc.

Vol. 35, No. 3, 1994
Printed in U.S. 4.

Removal of Branched-Chain Amino Acids by
Peritoneal Dialysis, Continuous Arteriovenous
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ABSTRACT. Renal elimination of branched-chain amino
acids (BCAA) is low in maple syrup urine disease, and
peritoneal dialysis may be required in an emergency situ-
ation for removal of the three BCAA (leucine, isoleucine,
and valine). However, failures of BCAA removal by peri-
toneal dialysis have been reported, especially in neonates.
Therefore, we tested the ability of continuous hemofiltra-
tion and continuous hemodialysis to remove BCAA as
compared with peritoneal dialysis. Experiments were con-
ducted in 15 anesthetized adult rabbits infused with leucine,
isoleucine, and valine. In group 1 (n = 7), peritoneal
dialysis (dialysate = 75 mL/kg) and continuous arteriove-
nous hemofiltration with a polysulfone 800-cm? hemofilter
were simultaneously performed during 40 min. In group 2
(n = 8), continuous arteriovenous hemofiltration and con-
tinuous arteriovenous hemodialysis were successively per-
formed during 30 min in a randomly settled order. Animals
had high and stable BCAA plasma levels during the ex-
perimental procedure. As compared with peritoneal di-
alysis, continuous arteriovenous hemofiltration constantly
showed a significant increase in clearances of leucine (+159
* 99%), isoleucine (+176 * 107%), and valine (+125 *
76%). In comparison with continuous arteriovenous he-
mofiltration, continuous arteriovenous hemodialysis con-
stantly showed significant increased values in clearances
of leucine (+90 % 43%), isoleucine (+95 * 45%), and
valine (+99 % 52%). During continuous arteriovenous he-
mofiltration and continuous arteriovenous hemodialysis, a
significant positive correlation was established between
urea clearance and clearances of leucine (r* = 0.953 and
0.927, respectively), isoleucine (r> = 0.948 and 0.910,
respectively), and valine (r* = 0.953 and 0.864, respec-
tively). (Pediatr Res 35: 357-361, 1994)
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MSUD is an organic aciduria caused by an inherited deficiency
of branched-chain 2-keto acid dehydrogenase, resulting in a
marked increase in plasma and cerebrospinal fluid concentra-
tions of all three BCAA and branched-chain 2-keto acids (1).
Extremely elevated concentrations of these neurotoxic com-
pounds (mainly leucine and 2-keto isocaproic acid) are frequently
observed in blood and cerebrospinal fluid in neonates either at
the moment of initial diagnosis of classic MSUD or later during
reduced caloric intake or acute intercurrent illness. Renal ele-
mination of BCAA is low in MSUD (2), and multiple exchange
transfusions or PD may be required in an emergency, with a
high energy intake and a free BCAA diet (2-8). A 24-h PD is
usually sufficient to reduce plasma leucine levels (2). Neverthe-
less, failures of BCAA removal by PD have been reported,
probably as a result of concurrent severe catabolism, inadequate
splanchnic blood flow, or technical difficulties (2, 6, 9). Recently,
continuous hemofiltration was shown to reduce rapidly BCAA
blood levels in three neonates with MSUD (10-12). Hemofiltra-
tion removes nonprotein-bound low-weight molecules by an
ultrafiltration mechanism, and this procedure has been used
previously as a simple, safe, and effective treatment in fluid-
overloaded infants and neonates with acute kidney failure (13).
The basic hemofiltration procedure has been recently modified
by instilling dialysate in the ultrafiltrate compartment. This new
epurative method, called continuous hemodialysis, combines the
convective transport of hemofiltration with the diffusive trans-
port of hemodialysis, thus leading to a marked improvement in
solute removal (urea particularly) (14). CAVHD and continuous
venovenous hemodialysis are effective means for renal replace-
ment therapy in neonates and infants, especially when an hyper-
catabolic state is associated (15, 16).

Because BCAA are low-weight molecules, we hypothesized
that continuous hemofiltration and continuous hemodialysis
may be valuable for BCAA removal. The lack of previous com-
parative data on BCAA removal by PD, continuous hemofiltra-
tion, and continuous hemodialysis led to the development of an
experimental animal model allowing the comparison of these
procedures.

MATERIALS AND METHODS

Experiments were performed on 15 adult male New Zealand
White rabbits weighing 2430 to 2990 g that were fasted for 24 h.
Five additional animals allowed for the assessment of plasma
amino acids physiologic profile in rabbits.

Animal Preparation. Animals were anesthetized with 30 mg/
kg sodium pentobarbital infused in a peripheral vein. Supple-
mentary doses were given therefore as required to maintain a
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surgical level of anesthesia. Tracheal cannulation allowed me-
chanical ventilation (Harvard Apparatus respirator, Harvard Ap-
paratus Co., Millis, MA). A 100 mg/kg vecuronium dose was
administered during vascular catheterization. For vascular ac-
cess, the left carotid artery was cannulated with an 18-gauge, 44-
mm catheter (Cathlon IV GI18, Critikon, Chatenay-Malabry,
France) and the right external jugular vein with a 4-Fr 110-mm
catheter (Seldicath 1.3 mm, Plastimed, St-Leu-la-Forét, France).
Moreover, a polyethylene catheter (Trocar catheter, Argyle, Mor-
angis, France) was surgically inserted in the peritoneal cavity at
the midline of the abdominal wall in seven animals (group 1).

A total of 40 min was spent for the surgical procedure, and a
loading dose of urea (20 mmol/kg), L-leucine (4000 umol), L-
isoleucine (800 pmol), and L-valine (800 umol) was infused at
the end of the surgical preparation. A maintenance dose of urea
(2 mmol/kg/h), L-leucine (6000 pmol/h), L-isoleucine (1200
pmol/h), and L-valine (1200 umol/h) was mandatory to avoid a
rapid decline in BCAA plasma concentrations. Loading and
hourly maintenance doses were diluted in 40 mL and 60 mL of
isotonic saline solute, respectively, and infused in a peripheral
vein. A 30-min equilibration period followed these procedures
and preceded the onset of the experimental protocols.

Body temperature was kept constant at 38.5-39°C with a
warming operating table (17). Throughout the experiment, mean
arterial pressure was continuously recorded (Hewlett Packard,
model 78354 A, Palo Alto, CA). To avoid blood pressure fluc-
tuations and peritoneal hypoperfusion in group 1, we took care
to preserve arterial blood pressure stability. Therefore, withdraw-
ing of each blood sample was followed by an immediate infusion
of the same volume of an isotonic gelatine solute (Plasmion,
Roger Bellon Lab., Neuilly-sur-Seine, France).

Experimental Protocols. Group 1 (n = 7). PD and CAVH were
simultaneously performed over a 40-min period to obtain similar
experimental conditions (namely, systemic hemodynamics, hem-
atocrit, arterial oncotic pressure, and BCAA blood levels) for
these two procedures.

A commercially available dialysate solution [glucose (83
mmol/L), sodium (145 mmol/L), bicarbonate (45 mmol/L), and
choride (102 mmol/L)] was warmed to 37°C, and a 75 mL/kg
dose was peritoneally infused after the equilibration period.
Dialysate was left in the peritoneal cavity for 40 min. Instillation
and dialysate return took approximately 3 and 5 min, respec-
tively. Drainage fluid did not show macroscopic blood contam-
ination.

CAVH started as soon as the dialysate was instillated in the
peritoneal cavity for PD. CAVH (Fig. 1) was achieved with an
800-cm? polysulfone hemofilter (Minifilter Plus, Amicon, Dan-
vers, MA). Lines connected the hemofilter with the arterial and
venous catheters, and the extracorporeal volume was 15 mL.
The arterial line allowed blood pressure recording and prefilter
blood samplings, whereas the venous line allowed postfilter blood
samplings.

Hemofilters were filled with heparinized (5000 1U/L) isotonic
saline solution according to the manufacturer’s recommenda-
tions. Heparin (loading dose, 200 1U/kg; maintenance dose, 20
IU/kg/h) was used as an antithrombotic agent to prevent he-
mofilter clotting. No hemofilter showed fiber clotting at the end
of the experiment.

Ultrafiltrate was drained by a 105-cm tube in a preweighed
bag. Ultrafiltrate was totally replaced by infusion of a substitution
fluid, which included the isotonic vehicle for BCAA infusion and
consisted of sodium chloride (123 mmol/L), potassium chloride
(4 mmol/L), sodium bicarbonate (30 mmol/L), and glucose (8.3
mmol/L).

Arterial blood samplings were performed at the 1st, 20th, and
40th min. Amino acids and urea concentrations, hematocrit,
bicarbonates, oncotic pressure (), oxygen saturation, and pH
were measured in each arterial blood sample. Amino acids and
urea concentrations were also determined in peritoneal dialysate
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and ultrafiltrate. Hematocrit was also measured in venous blood
samples at the 20th and 40th min.

Group 2 (n = 8). Rabbits were successively submitted to
CAVH and CAVHD (Fig. 1) in a randomly settled order. Each
procedure lasted 30 min. CAVH was performed as in group 1.
During CAVHD, a 1000 mL/h dialysate flow was obtained with
a peristaltic pump (VM 8000m, Vial Medical, St-Martin-Le-
Vinoux, France). The dialysate composition was similar to the
substitution fluid, and the ultrafiltrate and dialysate fluids were
collected together in the collecting bag.

Arterial blood samplings were performed at the Ist, 15th, and
30th min of each 30-min period. Amino acids and urea concen-
trations and hematocrit, bicarbonates, oncotic pressure, oxygen
saturation, and pH values were determined in each arterial blood
sample. Amino acids and urea concentrations were also meas-
ured in collected solutes.

Analytical Methods. During CAVH, the ultrafiltrate volume
was calculated from the change in weight of preweighed bags
without specific gravity correction (E5500-S-F2 scale, Sartorius,
Gottingen, Germany). During CAVHD, the ultrafiltrate volume
was calculated by subtracting the infused dialysate from the
collected fluid. During PD, the dialysate volume was assumed to
be the infused volume (75 mL/kg).

Amino acids were analyzed by column chromatography on an
amino acid analyzer (System 6300, high-performance analyzer,
Beckman, Palo Alto, CA). The analysis of urea, =, and arterial
gas were performed with an Astra-8 analyzer (Beckman, Brea,
CA), an Oncometer Osmomat 050 (Gonatec, Berlin, Germany),
and a pH/blood gas analyzer 168 (Ciba Corning, Milfield, MA),
respectively.

Data Analysis. The clearance rate (C) and sieving coefficient
(SC) were measured for urea, leucine, isoleucine, and valine. SC
of a solute is the ratio of peritoneal dialysate or ultrafiltrate
concentrations to plasma concentrations. SC and C for peritoneal
dialysis (SCPD, Cp[)), SC and C for CAVH (SCcAvn, CCAVH), C for
CAVHD (Ccavnp), blood flow (Qb), plasma flow (Qp), and
filtration fraction (FF) were calculated from the following stand-
ard equations:

Qb = (Qf x Hct 0)/(Hct o — Het i)
Qp = Qb X (1 — Hct i/100)

where Qf = ultrafiltrate rate and Hct i and Hct o = hematocrit
at the inlet and outlet of the hemofilter;

FF = Qf/Qp

SCrp = concentration of solute in the peritoneal dialysate fluid/
mean concentration of solute in arterial plasma

SCcavi = concentration of solute in the ultrafiltrate fluid/
mean concentration of solute in arterial plasma

Crp = SCpp X peritoneal dialysate volume/PD duration
Ccavi = SCeavu X Qf
Ceavip = U X V/P

where U = solute concentration in fluid drained in the collecting
apparatus, V = rate (mL/min) of fluid drained in the collecting
apparatus, and P = mean plasma solute concentration during
the CAVHD period.

Effect of time on physiologic parameters and BCAA plasma
levels was assessed within each group by the two-way analysis of
variance with unreplicated block design. Wilcoxon’s signed-rank
test was used for comparisons of procedures efficiencies within
each group (i.e. sieving coefficients; BCAA and urea clearances).
The urea and BCAA clearances were correlated by linear regres-
sion. The level of statistical significance was 0.05. Values were
expressed as means * SD.
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Fig. 1. CAVH and CAVHD.

RESULTS

Plasma amino acid composition was determined in five control
anesthetized rabbits before any solute administration. Mean
leucine, isoleucine, and valine plasma levels were 138 pmol/L
(range, 95-181), 75 umol/L (range, 45-83), and 225 umol/L
(range, 150-262), respectively. These values were close to BCAA
plasma levels recorded in normal infants (18).

Group 1. Table | indicates the mean values for physiologic
parameters during the experimental procedure. Mean arterial
blood pressure, arterial oxygen saturation, bicarbonates, and pH
did not vary significantly throughout the experiments. At the
end of the experiment arterial oncotic pressure, hematocrit value,
and body temperature fell slightly but significantly by 11.8 %
6.9%, 11.3 + 4.8%, and 0.33 + 0.16°C, respectively. However,

Table 1. Physiologic parameters, BCAA, and urea plasma levels
at the onset, midpoint, and end of the experiment in
seven rabbits (group 1)*

Parameters Onset Midpoint End
Mean arterial blood 748 £15.3 72,6 £ 6.4 64.0 + 5.7
pressure (mm Hg)
Body temperature 39.5+0.7 39.1 £ 0.6 38.8 £ 0.5¢
(0
Hematocrit (%) 38%2 39+2 37 + 5%
Arterial oncotic 159 + 3.1 16.7 £ 3.6 15.4 + 3.3¢
pressure (mm Hg)
Oxygen saturation 97.5+28 99.4 +£0.3 99.5 + 0.3}
(%)
Arterial pH 727007 7.31+£0.09 7.36+0.13}
Arterial bicarbonates  23.3 + 3.4 202 +4.4 20.5 = 5.9t
(mmol/L)
Leucine (umol/L) 2746 = 1505 2827 £ 1332 3021 = 715¢
Isoleucine (umol/L) 519 £ 271 610 + 293 597 + 208t
Valine (umol/L) 748 + 277 880 + 342 904 + 227t
Urea (mmol/L) 264 £ 1.7 25.1 £ 1.8 26.1 = 3.7

the body temperature remained in a physiologic range (17).
Hematocrit value fell slightly, albeit significantly, probably be-
cause of repeated blood samplings.

The loading and maintenance doses of leucine, isoleucine,
valine, and urea allowed stable plasma values for the three BCAA
and urea (Table 1). Mean values for blood and plasma flow,
filtration fraction, and ultrafiltrate rate during CAVH were 8.2
#+ 4.0 mL/min (range, 5.6-16.8), 5.2 = 2.5 mL/min (range, 3.4-
10.6), 0.368 = 0.065 mL/min (range, 0.290-0.474), and 1.82 +
0.60 mL/min (range, 1.26-3.08), respectively.

The arterial concentrations used for BCAA and urea sieving
coefficient calculations were individually obtained by averaging
the values obtained at the onset, midpoint, and end of the
experimental protocol. The sieving coefficients for leucine, iso-
leucine, valine, and urea were significantly (p < 0.05) higher
with CAVH as compared with PD: 1.034 + 0.193 versus 0.159
+ 0.069; 1.019 = 0.178 versus 0.147 £ 0.061, 1.017 * 0.123
versus 0.174 £+ 0.063, and 1.02 £ 0.02 versus 0.29 = 0.10,
respectively.

As compared with PD, CAVH also allowed significantly higher
clearances for leucine, isoleucine, valine, and urea (Table 2).
Noteworthy is that the increase in BCAA clearances was con-
stantly observed. As compared with PD, CAVH increased the
clearances of leucine, isoleucine, and valine by +159 + 99%
(range, +81 to +372%), +176 £ 107% (+89 to + 407%), and
+125 £ 76% (+60 to +281%), respectively.

CAVH was characterized by a significant positive correlation

Table 2. BCAA and urea clearances (mL/min) obtained by
CAVH and PD in seven rabbits (group 1)*

CAVH PD
Leucine 1.87 £ 0.62 0.74 £ 0.16%
Isoleucine 1.85 £ 0.63 0.69 £ 0.16F
Valine 1.84 + 0.60 0.83 £0.15¢
Urea 1.84 + 0.60 1.40 £ 0.23¢

* Values are means + SD.
1 No significant (p > 0.05) changes during the experimental period.
1 Significant (p < 0.05) changes during the experimental period.

* Values are means + SD.
t Significant (p < 0.05) changes when the CAVH and PD periods
were compared.
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between urea clearance and clearances of leucine (r* = 0.797),
isoleucine (r* = 0.826), and valine (r*> = 0.911).

Group 2. Table 3 indicates the mean values for experimental
parameters measured during CAVH and CAVHD periods. Mean
blood pressure, body temperature, hematocrit, oncotic pressure,
arterial oxygen saturation, pH and bicarbonates, BCAA, and
urea blood levels were similar during CAVH and CAVHD.

Mean values for ultrafiltrate rate during CAVH and CAVHD
were 1.87 £ 0.53 and 3.28 = 1.6 mL/min, respectively, but this
difference did not reach statistical significance.

As compared with CAVH, CAVHD allowed a constant and
significant increase in clearances of BCAA and urea (Table 4)
and increased the clearances of leucine, isoleucine, valine, and
urea by +90 + 43% (range, +14 to +142%), +95 + 45% (range,
+19 to +162%), +99 + 52% (range, +16 to +186%), and +118
+ 43% (range, +38 to +162%), respectively.

During CAVH and CAVHD, a significant positive correlation
was established between urea clearance and clearances of leucine
(r* = 0.953 and 0.927, respectively), isoleucine (r* = 0.948 and
0.910, respectively), and valine (r* = 0.953 and 0.864, respec-
tively).

DISCUSSION

Experimental model. Our study suggests that this experimental
animal model is valuable for the comparison of PD, CAVH, and
CAVHD in MSUD because of the results discussed below.

BCAA plasma levels in normal adult rabbits were close to
values recorded in infants (18), thus giving the possibility to
reproduce amino acid blood profile of MSUD by infusion of
BCAA. High leucine, isoleucine, and valine blood levels obtained
in BCAA-infused rabbits were in the range of values observed in
neonates with MSUD who required PD (2, 3, 5).

The stability of experimental conditions was mandatory for
the comparison of PD, CAVH, and CAVHD efTiciencies. In both
groups, BCAA blood levels and main physiologic conditions

Table 3. Physiologic parameters, BCAA, and urea plasma levels
during CAVH and CAVHD in cight rabbits (group 2)*

Parameters CAVH CAVHD

Mean arterial blood pres- 70.0 = 18.5 66.7 £ 16.6t

sure (mm Hg)
Body temperature (°C) 392+ 1.2 39.5 = 1.0t
Hematocrit (%) 357 35 £ 61
Oncotic pressure (mm Hg) 18.3 £ 3.7 17.6 + 3.1t
Oxygen saturation (%) 99.6 + 0.15 99.6 £ 0.10t
Arterial pH 7.45 +0.16 7.43 +0.13¢
Arterial bicarbonates 20.3+£4.2 19.6 = 6.3t

(mmol/L)
Leucine (umol/L) 3438 £ 1011 3519 + 1271%
Isoleucine (umol/L}) 763 £ 213 779 £ 274t
Valine (umol/L) 992 + 278 1012 £ 361
Urea (mmol/L) 239+40 249 3.7

* Values are means = SD. Individual values were obtained by aver-
aging results recorded at the onset, midpoint, and end of cach period.

t No significant (p > 0.05) difference when the CAVH and CAVHD
periods were compared.

Table 4. BCAA and urea clearances (mL/min) obtained by

CAVH and CAVHD*
CAVH CAVHD
Leucine 1.83 £0.53 345+ .13}
Isoleucine 1.82 £ 0.53 349 = 1.14%
Valine 1.83 £ 0.54 3.61 = 1.24}
Urea 1.88 + 0.55 4.04 £ 1.29%

* Values are means = SD.
t Significant difference (p < 0.05) when the CAVH and CAVHD
periods were compared.
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(arterial blood pressure, oxygen saturation, bicarbonates, and
pH) were stable during the experiments or remained in a physi-
ologic range (body temperature). A slight decrease in body tem-
perature, hematocrit value, and oncotic pressure was only ob-
served when PD was compared with CAVH (group 1). Never-
theless, these changes could not be regarded as confusing factors
because these two procedures were performed simultaneously.

The rabbit model allowed the assessment of hemofilters with
filtration surface already used in human neonates with acute
kidney failure (19). Values obtained during CAVH for blood
flow, plasma flow, and ultrafiltration rate were comparable with
that recorded in neonates treated for acute kidney failure by
continuous venovenous hemofiltration or CAVH (11, 20).

The clearances obtained by PD for leucine, isoleucine, and
valine in these adult rabbits (0.74 % 0.16, 0.69 + 0.16, and 0.83
+ 0.15 mL/min, respectively) were close to values observed in
human neonates by Saudubray er al. (2) (leucine, 0.52 mL/min),
Rey et al. (3) (leucine, 0.26 to 0.36 mL/kg/min), and Harris (5)
(leucine, 7.6 mL/min/m?; isoleucine, 6.4 mL/min/m?, valine,
7.1 mL/min/m?). Moreover, we also observed that the BCAA
peritioneal clearances were 40-50% of urea clearance, as previ-
ously recorded in children (4, 7).

PD versus CAVH (group 1). As expected, this study demon-
strated that the sieving coefficient (i.e. the ratio of ultrafiltrate to
plasma concentrations) was close to 1 during hemofiltration not
only for urea but also for leucine, isoleucine, and valine. This
finding fits in well with previous studies that stated that the
convective transport of hemofiltration allows urea and electro-
lytes removal (namely, nonprotein-bound low-weight mole-
cules), with ultrafiltrate solute concentration close to plasma
concentration (21).

The CAVH performed with a 800-cm? polysulfone hemofilter
designed for neonates allowed a marked and significant increase
in BCAA clearances as compared with PD, namely, the reference
procedure (leucine, +159 + 99%; isoleucine, +176 + 107%;
valine, +125 x 76%). Recently, CAVH or continuous venoven-
ous hemofiltration allowed a rapid decline in BCAA plasma
levels in three neonates with MSUD (10-12). The BCAA clear-
ance ratc was approximately 8 mL/min in a neonate treated with
CAVH (10). Efficacy has also been reported for high-flow con-
tinuous venovenous hemofiltration when ultrafiltrate rate varied
from 150 to 600 mL/h (11, 12). However, the comparison
between hemofiltration and PD for BCAA removal has not been
yet reported in children.

CAVH versus CAVHD (group 2). Continuous hemodialysis
has been developed recently and has allowed higher solute clear-
ances (especially urea) as compared with hemofiltration (21).
CAVHD has already been performed in neonates and infants
with acute kidney failure and hypercatabolic state when urea
removal capability by CAVH was overcome (15, 16, 21).
CAVHD then allowed a 2- to 4-fold increase in urea clearances
as compared with CAVH (15, 16). In this study, CAVHD also
increased the urea clearance by 118 + 43% and allowed a
constant and significant increase in BCAA clearances as com-
pared with CAVH. The mean clearance of leucine, the main
neurotoxic BCAA, increased significantly from 1.83 £ 0.53 to
3.45 = 1.13 mL/min. As compared with CAVH, CAVHD in-
creased the clearances of leucine, isoleucine, and valine by +90
+ 43%, +95 £ 45%, and +99 = 52%, respectively. Moreover,
BCAA clearances were positively correlated with urea clearances
during both CAVH and CAVHD. Thus, the efficacy of BCAA
removal could be simply evaluated from the urea clearance
calculation during these procedures.

Possible clinical implications are suggested by these experi-
mental data, mainly when PD fails or is contraindicated. Even
if PD is usually found to be effective, Saudubray et ¢/, (2) reported
that PD failed in 2 of 16 neonates with MSUD. A decrease in
PD efficiency was also observed in a child with very high BCAA
plasma levels (7). Theoretically, other therapeutic choices for
extracorporeal BCAA removal should include continuous he-
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mofiltration, continuous hemodialysis, and intermittent dialysis
(22). Practically, continuous hemofiltration and continuous he-
modialysts have always been regarded as well-tolerated proce-
dures in children (15, 16, 21). Indeed, these procedures did not
induce major hemodynamic disturbances or osmolar shifts, con-
ditions of potential value in a critically ill patient with cerebral
edema during worsening MSUD (2). In other aspects, systemic
hemodynamic side effects could prohibit intermittent hemodi-
alysis in MSUD treatment even if this technique has proved to
be effective on one neonate (22).

In conclusion, BCAA clearances were markedly improved by
hemofiltration as compared with PD in rabbits. Continuous
dialysis proved to be superior to continuous hemofiltration for
BCAA removal. Further studies are mandatory to set up the
definitive benefits of continuous hemofiltration and continuous
hemodialysis in MSUD in comparison with PD.
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