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¢ Background: Peritoneal dialysis (PD) is a treatment
for selected acute kidney injury patients (AKI), but little
is known about its metabolic implications. The aim of the
present study was to evaluate the metabolic implications
of glucose absorption, sodium removal, protein loss into
the dialysate, and catabolism in AKI patients undergoing
high-volume PD and to identify risk factors associated with
those metabolic effects.

¢ Methods: A prospective cohort study over 18 consecu-
tive months evaluated 208 sessions of high-volume PD
performed in 31 AKI patients. One session of high-volume
PD lasted 24 hours. Repeated-measures analysis was
performed, and correlations were calculated using the
Spearman test for continuous variables and generalized
linear models for categorical variables.

¢ Results: Glucose absorption remained at approxi-
mately 35.3% * 10.5% per session. Protein loss measured
4.2 +6.1 g daily, with higher values initially, which declined
significantly after 2 sessions. Nitrogen balance (NB) was
initially negative, but stabilized at approximately zero after
3 sessions. Glucose uptake was positively correlated with the
Acute Tubular Necrosis Individual Severity Score [ATNISS (r=
0.21,p=0.0036)], C-reactive protein (r=0.26, p=0.0167),
protein loss (r=0.36, p<0.0001), and sodium removal (r=
0.24,p=0.002). Protein loss was positively correlated with
sodium removal (r=0.22, p=0.0085) and gastrointestinal
disease (p = 0.0004). Sodium removal was positively cor-
related with serum sodium (r = 0.21, p = 0.0064), ATNISS
(r=0.15, p=0.0411), urea nitrogen appearance [UNA (r=
0.24, p = 0.0019)], and fluid overload as an indication
for dialysis (p < 0.0001). Urea nitrogen appearance was
positively correlated with the indication for dialysis (elec-
trolyte disturbances: p =0.0287) and negatively correlated
with nephrotoxic AKI (p < 0.0001). Nitrogen balance was
negatively correlated with UNA (r=-0.389, p<0.0001) and
ischemic AKI (p = 0.0047).

¢ Conclusions: High-volume PD did not increase hyper-
catabolism in AKI patients, and protein loss and glucose
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uptake remained constant during treatment. Those param-
eters were influenced by the clinical condition of the
patients, including the cause of AKI, inflammation, and
comorbidities—factors that should be known before the
prescription of dialysis and nutrition, thus avoiding meta-
bolic complications such as hyperglycemia, hypernatremia,
and worsening catabolism.
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During the 1970s and 1980s, peritoneal dialysis (PD)
was widely accepted as the standard treatment
for acute kidney injury (AKI) (1). However, advances
in techniques for extracorporeal blood purification
gradually reduced the use of PD, makingitan underused
modality. In developing countries, PD is still commonly
used because of its low cost and minimal infrastructure
requirements (2). In a recent study, Gabriel et al. (3)
showed that high-volume PD administered continuously
using a flexible catheter and cycleris an effective treat-
ment in AKI because it ensures adequate fluid status
and metabolic control without causing hemodynamic
instability or disequilibrium syndrome (4).

However, the use of PD in AKI also has several limi-
tations: it needs an intact peritoneal cavity, and it is
less effective than extracorporeal blood purification
techniques in emergency situations such as severe fluid
overload and severe hyperkalemia (4). Metabolic, infec-
tious, and mechanical disorders are also limitations.
Among the metabolic complications of PD are hyperglyce-
mia, hypernatremia, protein loss into the dialysate, and
hypercatabolism. Hyperglycemia is caused by the use of
high glucose dialysate. Hypernatremia is caused by the
shorttimethat the dialysate dwells in the peritoneal cav-
ity because of the rapid changes used in high-volume PD.
Protein lossinto the dialysate can reach 48 g daily, wors-
ening the nutrition status of patients already depleted by
AKI (3-5). Severe hypercatabolismis controversialand is
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attributed to the inability of PD to provide an adequate
dose of dialysis for patients with AKI.

Few studies have assessed the metabolic implica-
tions of PD in patients with AKI. Evaluation of those
implications is relatively simple, requires no addi-
tional costs, and can provide information about the
severity of the disease. It can also guide selection of
therapeutic, dialytic, and nutrition measures to prevent
metabolic complications.

The objectives of the present study were to evaluate
the metabolic implications of glucose uptake, sodium
removal, protein loss into dialysate, and catabolism
in patients with AKT undergoing high-volume PD and to
identify the risk factors associated with those disorders.

METHODS
STUDY POPULATION

Our prospective cohort study evaluated 208 high-
volume PD sessions performed in 31 patients with AKI
admitted to the Clinical Hospital of Botucatu School
of Medicine during 18 consecutive months. The study
was approved by the medical ethics committee for local
research, and informed consent was obtained from all
participants or their legal representatives.

Inclusion criteria were age more than 18 years; a clini-
cal diagnosis of AKI caused by ischemic, nephrotoxic, or
mixed acute tubular necrosis; a requirement for dialysis;
and treatment with high-volume PD for at least 1 ses-
sion. Exclusion criteria were a pre-renal or post-renal
cause of AKI, severe hemodynamic instability (systolic
blood pressure below 80 mmHg or use of norepinephrine
at a dose exceeding 1 ug/kg/min), absolute contrain-
dications for PD use, early mechanical complications
related to PD (occurring within 24 hours), pregnancy,
severe chronic renal disease (baseline serum creatinine
>4 mg/dL), and kidney transplant.

STUDY PROTOCOL

The treatment modality used in the patients with AKI
was continuous high-volume PD, which is designed to
achieve higher small-solute clearances. Dialysis was
performed using a flexible catheter, an automated cycler,
and a high volume of dialysis fluid as described in previ-
ous studies (2-5). Each session of high-volume PD lasted
24 hours, and sessions were repeated daily, 7 times per
week. The total dialysate volume per session ranged
from 36 L to 44 L. Peritoneal access was established by
the nephrology team through a percutaneous Tenckhoff
catheter. The dialysate (135 mEq/L Na; 3.5 mEq/L Ca;

636

NOVEMBER 2013 - VOL. 33, NO. 6 PDI

1.5 mEq/LK; 40 mEq/L lactate; and 1.5%, 2.5%, or 4.25%
glucose) was Dianeal (Baxter, Sao Paulo, Brazil), and
exchanges were performed using a HomeChoice cycler
(Baxter). The prescribed Kt/V was 0.50 per session (3).

We collected clinical and laboratory data on sex, age,
main diagnosis, date of admission, AKI cause, presence
or absence of sepsis, need for dialysis, specific prog-
nostic score for AKI [Acute Tubular Necrosis Individual
Severity Score (ATNISS)], start date of dialysis, and
comorbidities (diabetes, previous chronic kidney dis-
ease, hypertension).

At the beginning and after each high-volume PD
session, samples of blood, urine, and dialysate were
collected and analyzed for urea, creatinine, serum
sodium, and glucose. Plasma albumin, total protein,
total leukocytes, C-reactive protein (CRP), hemoglobin,
and hematocrit were measured every 3 days.

All dialysate was collected, and 3 mL of each 24-hour
effluent collection was obtained for measurement of
urea nitrogen, sodium, glucose, and total protein. Every
3 days, a cell count and a dialysate culture were evalu-
ated for potential peritonitis. Peritonitis was diagnosed
if we found cloudy effluent and a white blood cell count
exceeding 100/mm?3, with at least 50% polymorphonu-
clear cells, orif the effluent was culture-positive.

A daily urine sample was also collected for analysis of
urinary urea. The following calculations were performed
daily: delivered Kt/V, glucose absorption from the
dialysate, protein lossinto the dialysate, dialytic sodium
removal, and degree of patient catabolism.

The protocol was interrupted in the case of partial
recovery of renal function (urine output>1000 mLin 24
hours and a progressive decline in creatinine and urea
levels to below 4 mg/dL and 100 mg/dL respectively),
a change in the dialysis method, more than 30 days of
follow-up, or patient death.

STATISTICAL ANALYSIS

The statistical analysis was conducted using SAS for
Windows (version 9.1.3: SAS Institute, Cary, NC, USA).
Variables with a normal distribution are presented as
mean +standard deviation, and those with a non-normal
distribution, as medians with interquartile range.

For analysis of continuous variables, the Student
t-test was used for data with a parametric distribution,
and the Kruskal-Wallis test, for non-normal data. Forthe
analysis of categorical variables, a chi-square or Fisher
exact test was used.

For continuous variables, correlations between
metabolic parameters and clinical and laboratory find-
ings were determined using the Spearman test. For
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categorical variables, correlations were determined
using a repeated-measures generalized linear model,
assuming a normal distribution, identity link function,
gamma distribution, and log link function.

In all tests, differences were considered significant
at 5%.

CALCULATIONS

The ATNISS score (6) was determined as follows:

ATNISS =0.032 (age in decades) - 0.086 (sex) -
0.109 (nephrotoxicity) +0.109 (oliguria) +
0.116 (hypotension) + 0.122 (jaundice) +
0.150 (coma) - 0.154 (consciousness) +
0.182 (assisted breathing) + 0.21,

where sex is either 1 (for men) or 0 (for women); oligu-
ria is defined as urine output less than 400 mL/24 h;
hypotension is defined as systolic blood pressure less
than 100 mmHg for more than 10 hours, regardless of
vasoactive drugs; and jaundice is defined as total bili-
rubin less than 2 mg/dL.

In the prescribed Kt/V (7,8), K is the prescribed
dialysate volumein 24 hours (in milliliters) multiplied by
0.60 (because the dialysate-to-plasma ratio of creatinine
is considered to equal 0.6 for a dwell time between 30
and 60 minutes), tis 1 (for 1 day), and Vis the distribu-
tion volume of urea (in milliliters). After the K value was
calculated, it was divided by 2 L to yield the number of
dialysis solution exchanges in 24 hours.

Delivered Kt/V (9) was determined using the formula

Kt/V = average dialysate urea (mg/dL) /
average plasma urea before and after dialysis
(mg/dL) x 24-h drained volume (mL) /
volume (mL).

Quantification of protein lossinto effluent was deter-
mined using the formula

Loss (g) = total protein concentration (g/L) x
drained dialysate volume (L).

Percentage absorption of glucose from dialysate was
determined using the formula

% Glucose absorbed = [(Gli, - Gli,) / Gli,] x 100,

where Gli, is the glucose contained in 24-hour effluentin
grams, and Gli, is the glucose contained in the dialysate
infused over 24 hours in grams, calculated as

Glucose drained = glucose concentration x
volume of dialysate drained, and

Glucose infused = concentration of glucose
infused x volume of dialysate infused,
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where “dialysate infused” refers to available solutions
for PD containing 1.5%, 2.5%, or 4.25% dextrose. Thus,
the concentrations of glucose were 1.36%, 2.27%,
or 3.86%.

Removal of sodium (rem Na in milliequivalents) was
determined using the formula:

rem Na = (Na, x V) - (Na; x V),

where Na is the sodium concentration in effluent (in
milliequivalents per liter), V, is the effluent volume in
liters, Na, is the sodium concentration in the infused
dialysate (in milliequivalents per liter), and V. is the
infused dialysate volume in liters.

To estimate the degree of catabolism, the Druml (10)
formula for urea nitrogen appearance (UNA) was used.
Patients were classified according to their excess of urea
as having low catabolism (loss exceeding nitrogen intake
by 5 g), moderate catabolism (loss exceeding nitrogen
intake by 5-10g), or severe catabolism (loss exceeding
nitrogen intake by >10 g). The nitrogen balance (NB)
was determined by subtracting total nitrogen loss from
dietary nitrogen intake.

Nitrogen intake was calculated by converting the
quantity of dietary protein to grams of nitrogen by divid-
ing the protein quantity in grams by 6.25 (thatis, 6.25 g
of protein generates 1 g of nitrogen).

Nitrogen excretionincluded non-urea and urea nitro-
gen losses. Non-urea nitrogen losses (which do not vary
substantially with diet) were estimated using the Maroni
formula (11):

NB = ND - (NUN + UNA)

where ND is dietary nitrogen in grams, NUN is non-urea
nitrogen in grams, and UNA is given in grams.
The formula used to determine NUN was (11)

NUN = 0.031 x body weight in kilograms.

The Druml (10) formula was used to determine UNA
in grams:

UNA = excretion of UUN + change in
body urea nitrogen + DUN

where UUN is urinary urea nitrogen in grams per day,
and DUN is dialysate urea nitrogen in grams per liter.
Expanded, this equation becomes

UNA = (UUN x V/,) + [(BUN, - BUN,) X 0.006 X
BW + (BW, - BW, ) x BUN, / 100] + (V, x DUN),

where V, is urine volume in liters, BUN, and BUN, are the
blood urea nitrogen readingsin milligrams per deciliter on
days 1and 2, BW, and BW, are body weightin kilograms on
days 1and 2, and V/; is dialysate volume in liters.
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RESULTS

The mean age of the 31 study patients was 67.3 +
12.7 years, 77.4% were men, and 51.6% were hospital-
ized in the intensive care unit. Ischemia was the main
cause of AKI (83.9%), and uremia or azotemia was the
main indication for dialysis (86.6%). The ATNISS was
0.56 + 0.3. The average number of sessions per patient
was 6.7, the average delivered Kt/V was 0.38 £ 0.1, and
the weekly delivered Kt/V was 2.71 + 0.6. Mortality was
61%. Table 1 shows the clinical, laboratory, and dialysis
characteristics of the study patients.

TABLE 1
Clinical, Laboratory, and Dialysis Characteristics of
Patients with Acute Kidney Injury Undergoing
High-Volume Peritoneal Dialysis

Variable Value

Mean age (years) 67.3+12.7
Men [n (%)] 24.(71.4)
Presence of diabetes [n (%)] 9 (30)
Acute kidney injury [n (%)]

Ischemic 25 (83.9)

Nephrotoxic 2 (6.5)

Mixed 4(9.6)
Intensive care unit [n (%)] 16 (51.6)
Indication for dialysis [ (%)]

Uremia or azotemia 26 (86.6)

Oliguria or hypervolemia 4(12.9)

Electrolyte disorders 1(0.5)
Presence of sepsis [n (%)] 16 (51.6)
ATNISS score 56.2+25.2
Sessions (n) 6.7+3
Complications [n (%)]

Infectious 7 (22.5)

Mechanical 8(25.8)
Outcome [n (%)]

Recovery of renal function 4 (13)

Change of dialysis modality 5(16)

Death 19 (61)
Dialysate volume per cycle (mL) 2000
Inflow time (minutes) 10
Dwell time (minutes) 30-60
Outflow time (minutes) 20
Cycle duration (minutes) 30-90
Total cycles per session 16-22
Length of session (hours) 24
Total dialysate per session (L) 32-48
Glucose (%) 1.5-2.5
Prescribed Kt/V per session 0.6
Delivered Kt/V per session 0.38+0.09

ATNISS = Acute Tubular Necrosis Individual Severity Score.
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Table 2 shows metabolic and fluid control in the
patients. After the second session, serum creatinine
stabilized at approximately 2.9 mg/dL. After the third
session, urea, pH, and bicarbonate remained stable
(137 £32mg/dL, 7.3+ 0.07,and 20+ 2.7 mEq/L respec-
tively). Ultrafiltrate remained stable after the second
session [1 L (range: 0.1 - 2.4 L)]. Serum sodium was
significantly higher before PD and stabilized at approxi-
mately 140 mEq/L after PD. No significant difference was
found in the concentration of dextrose used per session
(2.0 - 2.2 mg/dL). Total protein, albumin, and glucose
showed no statistically significant changes during treat-
ment. The sodium concentration in effluent remained
stable (127.5 - 131.8 mEq/L) and was lower than the
concentration in serum (p =0.02).

Table 3 shows the metabolic implications of high-
volume PD in the patients with AKI. Glucose absorption
was constantduring treatment, at approximately 35.3%
+10.5%. Average daily protein loss was 4.2 +6.1g, being
significantly higher during the first session, declining
after the second session, and then remaining stable at
approximately 3 g. The NB wasinitially negative, but after
3sessions, itwas maintained near zero. The UNA remained
constantduring each session, but sodium removalvaried
greatly throughout the treatment period.

Table 4 presents the correlations between metabolic,
clinical, and laboratory parameters. Glucose absorp-
tion was higher in patients with higher ATNISS scores,
higher CRP levels, higher protein loss, and higher sodium
removal (p values 0f 0.0036, 0.0167,<0.0001, and 0.002
respectively). Patients who absorbed more glucose did
notexperienceincreased blood glucose. Glucose absorp-
tion (37.6% * 9.6% vs 36% + 11.3%) and blood glucose
levels (181.5 + 24.5 mg/dL vs 162 + 42 mg/dL) were not
significantly different between patients with and without
diabetes. Of the 31 patients, 22 (71%) received intrave-
nous insulin, and 12 (38.7%) received intraperitoneal
insulin after the start of high-volume PD.

Increased protein losses were observed in younger
patients and in those with higher sodium removal (p =
0.033 and 0.0085 respectively). Mean plasma albumin
was 2.3 + 0.86 mg/dL, with no significant change dur-
ing high-volume PD and no correlation with protein loss.
Sodium removal was positively correlated with serum
sodium, ATNISS index, UNA, and ultrafiltrate, (p values
0f0.0064, 0.0411, 0.0019, and <0.0001 respectively) and
negatively correlated with age (p=0.0116). Nitrogen bal-
ance was negatively correlated with UNA (p <0.0001).

Table 5 shows the clinical parameters associated with
metabolic effects. Glucose absorption was higher when
the indication for dialysis was an electrolyte disorder
than when the indication was uremia (41% + 12.7% vs
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TABLE 2
Metabolic Control and Parameters of Dialysis in Patients with Acute Kidney Injury Undergoing
High-Volume Peritoneal Dialysis (PD)
Before After session number p
Parameter PD 1 2 3 4 5 6 7 Value
Creatinine (mg/dL) 3.740.9% 3.3+0.7%*  2.9+0.6 3.1+1 3.3+x0.9 2.7+0.6 2.8+0.6 2.7+1.2 0.03
Urea (mg/dL) 225+30% 201+47.5° 178+£15.5% 137432 122+10 119+18 120+20 128+14.2 <0.001
pH 7.240.04 7.3£0.02  7.3+0.07  7.3+0.07° 7.3£0.05° 7.3+0.05° 7.530.02° 7.4+0.04° 0.035
Serum BIC (mEq/L) 14.5+4.9 16.8+2.5 20+4.0 20+£2.7¢  20.9+1.2¢ 22.1+2.3¢ 23.8+1.3¢ 23.74£1.2° 0.013
Potassium (mEq/L)  4.3%0.8 4.2#0.6  4.1%0.6 4%0.3 3.8+0.2  3.8+0.1¢  3.9x0.2¢  3.9+0.4¢ 0.017
Glucose (mg/dL) 137452 162432  178+13.3 21347 201+39 200+2 172+30 168.5%£34.5 0.55
Serum Na (mEq/L) 144£7.6  141.5£6¢ 141.2+4.2¢ 139.7+5.3¢ 139+3.6¢ 141.424.3¢ 140.7#5.5¢ 140+4.8¢ 0.004
Dextrose (%)® — 2.0 2.1 2.2 2.1 2.2 2.2 2.0 0.56
Dialysate Na (mEq/L) — 131.8+4.7 129.3+3.9 127.8+3.3 127.9+3.3 128+2.6 127.5+2.8 128.5+2.1 0.39
Ultrafiltrate (L)
Median — 0.08? 1.0 1.5 1.3 1.4 1.2 1.0 0.02
Range -0.5to01 Oto1l.8 0.1to2.4 O0.4t02.4 Oto2.1 1to 1.7 1to?2
Serum TP (mg/dL) 6.1+0.9  5.3+0.9 5.2+0.2 5.3+1.6 5.5+1.1 — 5.4 5.415¢1  0.09
Albumin (mg/dL) 2.9+1.5  2.3+0.7 2+0.1 2.3+0.8 2.5+0.5 — 2.0 2.2+0.5 0.36
CRP (mg/dL) 18.74#0.9 6.5+2.8¢ 4.9+0.9¢  8+2.3¢  5.2+0.7¢ 5.6+2.0¢ 18.5+12.6 17.4+14.8 0.015
BIC = bicarbonate; TP = total protein; CRP = C-reactive protein
2 Significantly different from values in subsequent sessions.
b Significantly different from values before PD and in sessions 1 and 2.
¢ Significantly different from values in previous sessions and before PD.
d Significantly different from values before PD.
¢ Average dextrose concentration per session.
TABLE 3
Metabolic Implications of High-Volume Peritoneal Dialysis in Patients with Acute Kidney Injury
Value after session p
Variable 1 2 3 4 5 6 7 Value
Patients (n) 29 31 24 23 21 14 14
Glu absorption (%) 37.5£11.2% 38.2+10.9% 35.6+8.0°  35.649.9% 36.4+10.8% 29.948.3 32.2+11.3 0.01
Protein loss (g) 7.3£2.1 5.0¢1.7°  4.5%2.1>  2.8%0.4®  2.7+0.6®  3.2+1.0>  3.4x1.4° 0.001
Na removal (mEq) 0.004
Median 9.1° 45.3 32.2 34.3 45.5 50.4 21.6
Range -88.4to -163.1to0  -182.3to -68.7 to -157.1to -57.3to -99 to
g 203.1 155.6 136.8 99.1 129.9 74.1 49.8
UNA (g) 8.9+2.6 8.8+4.6 9.0+2.9 8.5+2.4 10.3+4.1 10.4+1.9 10.4+1.8 0.34
Nitrogen balance (g) 0.26
Median -5.2 1.5 0.3 2.1 -1.0 0.5 3.8
Range -9.6to -7.6to -6.5to -7.1to -5.2to -5.7to -6.5to
g -1.9 1.3 6.6 4.4 4.5 3.9 4.8
Glu = glucose; UNA = urea nitrogen appearance.
2 Significantly different from the value after session 6.
b Significantly different from the value after session 1.
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TABLE 4
Spearman Correlations for Metabolic, Clinical, and Laboratory Parameters in Patients with Acute Kidney Injury
Treated with High-Volume Peritoneal Dialysis

Glucose Protein Na Nitrogen
absorption loss removal balance
Variable r p r p r p r p

Age -0.06 0.43 -0.16 0.033 -0.18 0.0116 0.15 0.0272
ATNISS 0.21 0.0036 -0.02 0.761 0.15 0.0411 -0.14 0.0611
C-Reactive protein 0.26 0.0167 -0.04 0.698 0.18 0.0934 0.31 0.004
UNA -0.03 0.698 0.04 0.606 0.24 0.0019 -0.39 <0.0001
Nitrogen balance 0.001 0.987 -0.15 0.069 -0.04 0.3693 1
Protein loss 0.36 <0.0001 1 0.22 0.0085 -0.15 0.069
Glucose absorption 1 0.36 <0.0001 0.24 0.002 0.001 0.987
Na removal 0.24 0.002 0.22 0.0085 1 -0.04 0.573
Ultrafiltrate -0.07 0.289 -0.014 0.85 0.632 <0.0001 0.084 0.233
Serum Na -0.08 0.313 -0.04 0.588 0.21 0.0064 -0.20 0.0084

ATNISS = Acute Tubular Necrosis Individual Severity Score; UNA = urea nitrogen appearance.

TABLE 5
Correlations?® Between Clinical and Metabolic Parameters in Patients with Acute Kidney Injury Treated with
High Volume Peritoneal Dialysis

Glucose Protein Na Urea nitrogen Nitrogen
absorption loss removal appearance balance
Parameter (%) (9) (mEq) (9) (9)
Cause of acute kidney injury
Ischemic 37.1+10.5 3.5+1.1 12.1 (-147.3 t0 136.8) 9.2+2.33 -1.0 (-6.9 to 4.2)°
Nephrotoxic 29.6+11.1 8.1+2.3>  -83.9(-189.2t0 19.6)° 6.8+3.24" 2.7 (2.31t0 4.8)
Mixed 36.5+11.6 4.1%0.5 19.6 (-124.1t0 82.7) 10.4+1.91 5.3 (1.32t0 7.9)
Comorbidities
Cardiovascular disease 34.1+11.5 3.5+1.1 -39.3+147.8 9.0+1.9 2.3+7.97
Infection 38.9+7.3 4.8+1.8 21.67+154.9 8.7+2.2 -0.7+5.82
Gastrointestinal tract 39.549.7 12.6+8.4¢ 91.42+99.1 9.7+2.6 -2.1+8.68
Indication for dialysis
Uremia or azotemia 36.4+11.7 4.2+1.54 -3.2(-50t099.1) 9.1+2.4 2.1(-5.5t05.6)
Hypervolemia or oliguria 36.3+8.9 3.2+0.9 54.6 (—44.6 to 268.2)4 9.7+1.4 -7.5 (-11.5t0 0.6)¢
Electrolyte disorders 41+12.7¢ — 46.5 (9 to 84) 12.1+0.6¢ -1.4(-3.9t0 1.1)

2 Using repeated measures analysis and a generalized linear model. Values shown as mean and standard deviation or median and

quartiles.

b Significantly different from other causes of acute kidney injury.

¢ Significantly different from other comorbidities.
4 Significantly different from other indications for dialysis.

36.4% + 11.7%, p < 0.0001). Sodium removal was
lower in nephrotoxic AKI [-83.9 mEq (range: -189.2
to 19.63 mEq)] than in ischemic AKI [12.1 mEq (range:
-147.3 to 136.8 mEq)] or mixed acute tubular necrosis
[19.64 mEq (range: -124.1 to 82.7 mEq), p < 0.0001].
Sodium removal was increased in patients in whom
dialysis was indicated by fluid overload [54.6 mEq

640

(range: -44.6 to 268.2 mEq)] compared with patients
in whom the indication was an electrolyte disturbance
[46.5 mEq (range: 9 — 84 mEq)] or uremia [-3.2 mEq
(range: =50 to0 99.1 mEq), p <0.0001].

Higher UNA was observed in patientsin whom dialysis
wasindicated by an electrolyte disturbance (12.1 £0.6 g)
thanin those in whom the indication was fluid overload
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(9.7 £ 1.4 g) or uremia (9.1 + 2.4 g, p = 0.028). Lower
UNA values were observed in patients with nephro-
toxic AKI (6.8 + 3.2 g) than in patients with mixed AKI
(10.4 £ 1.9 g) orischemic AKI (9.2 +£2.3 g, p<0.0001).
Values for NB were lower in patients with ischemic AKI
[-1.0 g (range: -6.9 to 4.2 g)] than in patients with
nephrotoxic AKI [2.7 g (range: 2.31 - 4.8 g)] or mixed
AKI[5.3g(range:1.32-7.99), p<0.0001]. Values for NB
were also lower (more negative) in patients who required
dialysis because of fluid overload [-7.5 g (range: -11.5
to 0.64 g)] than in those with an electrolyte disorder
[-1.4 g (range: -3.9 to 1.1 g)] or uremia [2.1 g (range:
-5.5t05.6 g), p <0.0001].

Table 6 shows an evaluation of the metabolicimplica-
tions of high-volume PD during peritonitis episodes. In
patients without and with peritonitis, glucose absorption
(34% +5.2% vs 46.7% + 3.5%, p < 0.001), protein loss
into dialysate (3.9+ 1.4 gvs 7.5+ 2.4 g, p=0.002), and
sodium removal [1.8 mEq (range: -149.8 to -89.6 mEq)
vs 131.5 mEq (range -24.6 to 303.3 mEq), p = 0.015]
were higherin the presence of infection.

DISCUSSION

Our prospective study aimed to describe the meta-
bolic implications—in terms of glucose uptake, sodium
removal, protein loss into dialysate, and catabolism—in
patients with AKI undergoing high-volume PD and to
identify factors associated with changes in those meta-
bolic variables. Few studies have been published on PD
in AKI, and metabolic implications were not evaluated
in most (12,13).

In a classic article, Boen (12) discussed the kinetics
of PD (using the intermittent method) and changes in
the plasma concentrations of several solutes during
dialysis. Diffusion curves and peritoneal clearances were

METABOLIC IMPLICATIONS OF PD IN PATIENTS WITH AKI

determined and compared. Urea diffuses most rapidly
and shows the highest peritoneal clearance, followed by
potassium, inorganic phosphate, creatinine, uric acid,
calcium, and magnesium. The peritoneal clearances of all
substances studied showed a rise when the rate of dialysis
was increased, until a maximum value was reached at
volume of 3.5 L per hour, and after 30 minutes in the
peritoneal cavity, 52 - 12 g of glucose was absorbed per
liter when theinitial concentrationin theirrigation fluid
was 2% — 3.5%.

Our study showed that glucose absorption from the
dialysate was constant during therapy and remained at
approximately 35.3%+ 10.5%, below the value proposed
by Podel et al. (14), who estimated that glucose absorp-
tion in patients with AKI and end-stage renal disease
treated by PD would be approximately 40% - 50%. We
also observed no significant differencein glucose uptake
between patients with and without diabetes. No previous
studies have measured glucose absorption from dialysate
in patients with AKT undergoing PD. In patients treated
with chronic PD, glucose absorption ranges from 60% to
80%, according to Gahland Hain (15).

Although we observed no significant difference in
glycemic control during dialysis, those data must be
analyzed critically, because recent studies showed an
association between glycemic control and mortality in
critically ill patients (16,17). In the present study, after
initiation of therapy, serum glucose levels were main-
tained between 163 mg/dLand 213 mg/dL. According to
Basietal. (18), hyperglycemiais anindependent predic-
tor of death in patients with AKI, even after adjustment
for age, sex, race, disease severity score for cortisol (a
hormone marker of stress), AKI severity, and nutrition
status. Although the optimaltarget for glycemic control
is not yet known, the NICE-SUGAR (Normoglycemia in
Intensive Care Evaluation and Survival Using Glucose

TABLE 6
Metabolic Implications of High-Volume Peritoneal Dialysis in Patients with Acute Kidney Injury, by
Presence or Absence of Peritonitis®

Peritonitis
No Yes p
Variable (n=188) (n=20) Value
Glucose absorption (%) 3445.2 46.7£3.5 <0.001
Protein loss (g) 3.9+1.4 7.5%2.4 0.002
Na removal (mEq) 1.8 (-149.8 t0 89.6) 131.5 (-24.6 to 303.3) 0.015
UNA (g) 9.142.4 9.1+1.8 0.986
Nitrogen balance (g) 1.4 (-5.8105.2) 0.5(-7.3t05.2) 0.479

UNA = urea nitrogen appearance.

2 Values shown as mean and standard deviation or median and quartiles.

641

This single copy is for your personal, non-commercial use only.
For permission to reprint multiple copies or to order presentation-ready copies
for distribution, contact Multimed Inc. at marketing@multi-med.com



GOES et al.

Algorithm Regulation) study (19) showed lower mortality
when serum glucose levels were below 180 mg/dL, sug-
gesting that glucose levelsin criticallyill patients should
lie between 110 mg/dL and 180 mg/dL. Thus, in those
patients, serum glucose should be monitored frequently
(approximately every 6 hours), and intravenous and
intraperitonealinsulin should be considered (4). In the
present study, 71% of the patients received intravenous
insulin, and 38.7% received intraperitonealinsulin after
the start of high-volume PD.

In the present study, glucose uptake was influenced
by inflammation and disease severity. Uptake was
higher in patients with higher CRP levels, in patients
with peritonitis, and in patients with a higher ATNISS
score. Determining glucose uptake in critically ill
patients is important to avoid hyperglycemia caused
by hyperalimentation. Inadequate nutrition in this
population has distinct effects onimmune-inflammatory
pathways, is associated with increased morbidity, and
might affect survival. Overfeeding can cause metabolic
disorders and dysfunction in organs such as lungs and
liver (20).

In addition to hyperglycemia, a possible metabolic
complication of PD in patients with AKI is protein loss
into the dialysate, which may worsen the nutrition sta-
tus of already compromised patients, causing impaired
prognosis (3,4,21). In the present study, daily protein
loss was 4.23 + 2.44 g, lower than reported elsewhere.
Previous studies showed that daily protein loss into
dialysate may reach 48 g in patients with AKI treated
with intermittent PD (12,22-24). In India, Chitalia et
al. (13) performed a prospective, randomized study that
evaluated 2 modes of automated PD—continuous and
tidal—in patients with AKL. The authors concluded that,
at the same volume, tidal PD resulted in greater protein
loss (10.5+1.5gvs 6.6 + 1.2 g, p <0.001). In another
study, Gabrieletal. (3) reported an average daily protein
loss of 21.7 g (range: 9.1 -29.8 g) during treatment with
high-volume PD; that loss was aggravated by peritoni-
tis or ascites. In our study, we also observed a greater
daily loss of protein in the presence of peritonitis (7.5 +
2.4gvs3.9+1.49).

Protein loss was greater in patients with higher glu-
cose uptake and increased sodium removal, consistent
with a more permeable peritoneum. Recent studies in
end-stage renal disease patients receiving PD support
the hypothesis that the peritoneal transport of macro-
molecules is elevated in high-transport patients, which
might be caused by inflammatory mediators (25). Inthat
study, protein loss was not correlated with CRP, butit was
negatively correlated with age and positively correlated
with the presence of gastrointestinal tract comorbidity,
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which can be attributed to the inclusion of liver patients
with ascites in that group.

As observed in earlier studies (3,5), protein loss into
the dialysate does not seem to influence serum albumin,
nor is it correlated with a higher degree of catabolism
assessed by NB. In our study, glucose absorption and
protein loss were both lower than previously reported in
the literature, probably as a result of short dwells, which
is characteristic of the many cycles and rapid exchanges
in high-volume PD. Similar results were observed in
earlier studies that compared glucose absorption and
protein loss in chronic and acute patients treated using
different dwell times (13,26-28).

No other studies have evaluated sodium balance
in patients with AKI treated by high-volume PD.
Physiologically, the concentration of sodium in dialysate
declines during the initial phase of a dwell using hyper-
tonicsolution; a gradual rise follows. The minimum value
is usually reached after 1 or 2 hours. Itis likely that this
so-called sieving of sodium is caused by transcellular
water transport through the ultrasmall pores (aqua-
porin-1). However, other mechanisms such as temporal
binding of sodium in the interstitial tissue cannot be
excluded with certainty. Water transport rates are high
during the initial phase of a hypertonic exchange. The
decline in dialysate sodium is therefore a dilutional
phenomenon, implying that during short dwells with
hypertonic dialysate, much more water than sodium is
removed from the extracellular volume. The removal of
water can lead to hypernatremia (29,30).

The hindrancein the removal of sodium compared with
the removal of water is not clinically important during
continuous ambulatory PD because the incrementin the
concentration gradientis counteracted by increased dif-
fusion of sodium. However, during short dwells, as are
often applied in automated PD, much more water than
sodium can be removed from the extracellular volume
(29,30). In that context, it is likely that the concentra-
tion of sodium in the dialysate does not have time to
equilibrate with the plasma concentration during high-
volume PD.

Anincreasein the glucose concentration is proposed
for sodium removal, but the removal of water can still
greatly exceed the removal of sodium. Lowering the
sodium concentration in the dialysate is another way to
increase the diffusion of sodium; however, a low-sodium
dialysate is typically limited to just 1 exchange daily,
because more frequent use could lead to hyponatremia.
Results of long-term studies are not available.

The sodium concentration in dialysate for short-
exchange treatments has been studied in patients
receiving intermittent PD. A short-term study using
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7% glucose-based dialysis solution for 30-minute
dwells showed that a dialysate sodium concentration of
110 mmol/L was required to obtain isonatric fluid con-
traction of the extracellular compartment (30). A study of
3-to 5-day ultrafiltration PDin edematous patients using
2-hour exchanges with either 7% glucose and sodium
at a concentration of 120 mmol/L or 4.5% glucose and
sodium at a concentration of 130 mmol/L revealed that
both combinations could prevent hypernatremia (31).

A short-term study in children with AKI treated
with automated PD demonstrated that hypernatremia
develops in the patients treated with solutions contain-
ing 3.86% glucose and sodium at a concentration of
132 mmol/L. The hypernatremia improved in patients
switched to a dialysate containing 3.86% glucose and
sodium at 128 mmol/L (32). It can therefore be con-
cluded that the sodium concentration should be lower
in dialysis solutions used for automated PD (125 -
130 mmol/L) than in solutions used for continuous
ambulatory PD.

In the present study, we did not observe hyperna-
tremia. Sodium removal was variable, being higher in
patients with higher serum sodium, showing that high-
volume PD does not cause hypernatremia and can correct
that condition if necessary. Sodium removal was also
positively correlated with ultrafiltrate, ATNISS, and UNA,
and inversely correlated with age (sodium removal was
higher in younger patients). Sodium removal was also
higher in patients with higher catabolism and a worse
prognosis. Increased sodium removal was also observed
in patients in whom dialysis was indicated because of
an electrolyte disorder. Nephrotoxic AKI was negatively
correlated with sodium removal.

Our patients were treated with high-volume PD
(prescribed Kt/V: 0.5), although no consensus has
been reached on the optimal dose of renal replacement
therapy for patients with AKI. Data on the effect of
dialysis dose on AKI are limited, and the capacity of PD
to achieve adequate renal replacement therapy doses
in hypercatabolic AKI has been a subject of controversy
(4). Some authors showed inadequate metabolic con-
trol using PD, but they used a rigid peritoneal catheter,
performed exchanges manually, and used short dwells,
leading to inadequate solute clearance and low dialysis
efficiency (33,34). However, other studies reported
positive outcomes with PD in hypercatabolic AKI (3,35).
High-volume, tidal, and continuous-flux PD allow for
higher doses if desired (4,36).

A recent trial by our group showed no difference in
survival for patients with AKI who received a weekly Kt/V
of 3 (delivered Kt/V: 0.43 per session) or of 4.2 (deliv-
ered Kt/V: 0.6 per session). More studies are needed
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to determine the ideal delivered PD dose in patients
with AKI (37).

Some authors found that hypercatabolic patients
treated with PD became more hypercatabolic, but those
studies used inadequate parameters to measure protein
catabolism (33, 38). The “gold standard” for assessing
the degree of protein anabolism and catabolism is NB,
but few studies have used it to assess the catabolic state
in patients with AKI (34). In our study, high-volume PD
did lead to greater catabolism. Levels of UNA remained
at approximately 10.2 g per day during dialysis, and
NB remained neutral or positive from the 3rd dialysis
session onward. In clinical conditions such as AKI, the
need for dialysis is related to the extent of catabolism.
In our study, NB was lower with ischemic AKI than with
other types of AKI; it was also lower in patients who
required dialysis for fluid overload rather than for other
indications.

CONCLUSIONS

Despite some limitations, such as the small number of
patients and the lack of multivariate analysis, our studyis
the first to describe the metabolicimplications of high-
volume PD in patients with AKI and to identify the main
factors associated with those effects. Furthermore, our
study confirmed that protein loss and glucose absorption
remain constant during therapy and that high-volume
PD using dialysate with an increased glucose concentra-
tion does not lead to hypernatremia or hypercatabolism
in patients with AKI. Those parameters are influenced
by clinical conditions, such as the cause of AKI and the
presence of inflammation and comorbidities, factors
that should be taken into account to avoid metabolic
complications such as hyperalimentation, hyperglyce-
mia, and hypercatabolism when dialysis and nutrition
are prescribed.
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