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Objective: The objective of the study was to quantify the loss of total amino acids (TAAs), nonessential amino acids, essential amino

acids, and branched chain amino acids (BCAAs) produced by high-efficiency hemodialysis (HEHD), postdilution hemodiafiltration

(HDFpost), and predilution hemodiafiltration (HDFpre) using high ultrafiltration volumes; and to define the specific AA losses registered

in HEHD, HDFpost, and HDFpre; to identify a potential metabolic and nutritional decline into protein energy wasting; to compare AA

analysis of arterial blood samples taken from healthy controls and patients with end-stage renal disease undergoing hemodialysis.

Design andMethods: Identical dialysis monitors, membranes, and dialysate/infusate were used to homogenize extracorporeal body

influence. Ten patients were recruited and randomized to receive treatment with HEHD, HDFpost, and HDFpre it was used on-line dia-

lytic water methodologies (OL); patients’ AA arterial concentrations were measured at the start and on completion of dialysis; TAA from

the dialyzer filter was calculated, and baseline levels were subsequently compared with findings obtained 1 year later. Finally, the results

obtained were compared with the data from a study of 8 healthy volunteers conducted using bioimpedance analysis and laboratory

blood tests to assess nutritional status.

Results: A higher convective dose results in a higher weekly loss of TAA, nonessential AAs, essential AAs, and BCAAs (HEHD: 15.7 g;

HDFpost-OL: 16.1 g; HDFpre-OL: 16.3 g, P, .01). After 12 months, the same hemodialys patients showed a reduced body and water intra-

cellularmassand reducedphaseangle.Arterial concentrationsofTAAsandBCAAswere lower than thosedetected inhealthysubjects (P, .01).

Conclusion: The study shows that the AA losses in dialytic liquid are greater after high exchange volume HDF techniques, especially

HDFpre. The AA losses are not metabolically compensated, so these increase the derangements of predialytic arterial plasma AA levels.

Both AA losses and arterial AA perturbations further worsened body composition already after 12 months of additional dialysis.

� 2018 The Authors. Published by Elsevier Inc. on behalf of the National Kidney Foundation, Inc. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

IN THE RECENT years, significant technological ad-
vances have been made in the field, thus promoting an
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feedback systems regulating the application of convective
therapies has promoted the establishing of a strict equilib-
riumbetweenultrapure plasmaticwater and reinfusion solu-
tions aimed at maintaining an appropriate hydroelectric
balance in patients undergoing dialysis.2 Accordingly,
personalization of dialysis treatment based on clinical and
metabolic status of the patient is becomingly an increasingly
feasible option. Additional technological progress is repre-
sented by developments in the manufacturing of online
(OL) dialysate/infusate using ultrapure water, thanks to
the increasingly diffuse use of biosmosis essential for OLwa-
ter production.3 These new systems facilitate the high pre-
cision ultrafiltration/substitution of high infusion volumes
up to 1.2-fold the dry weight of the patient.4 However,
throughout the world, hemodiafiltration techniques are
seldom used; in Europe, they account for less than 10-15%
of all dialysis methods.5,6 In the context of this percentage,
predilution hemodiafiltration (HDFpre) accounts for less
than 3-5%, with the largest share being represented by
postdilution hemodiafiltration (HDFpost). Indeed, the
efficacy of combined convection-diffusion technologies
such as HDFpost derives from a series of parameters corre-
lating the ratio of ultrafiltration rate/plasmatic water flow
(mL/minute; filtration fraction [FF]) with a reduced inci-
dence of cardiovascular death. Indeed, a series of studies
have been conducted to establish overall reinfusion rates
for ultrafiltration plasmatic water. The Spanish
Hemodiafiltraci�on on-line study7,8 and the Turkish HDF
OL-HDF9 study determined total reinfusion volumes in
HDFpost as being in the range of 16-20 L/session. In addi-
tion, the European Dialysis study group yielded a more pre-
cise determination of effective convection rate (ECR). In
HDFpost, FF may be achieved at volumes ranging from
20% to 30% and in HDFpre, from 20% to 37.7%.5 The
use of 40 L/session inHDFpre has recently been reported.10

The use of high convection rates promotes the elimination
of middle molecules and medium–high-molecular-weight
uremic toxins and the removal of plasma albumin.11 The
clinical benefits of HDFpre and HDFpost technologies
versus high-efficiency hemodialysis (HEHD) have been
well described elsewhere and include increased cardiovascu-
lar stability during dialysis sessions and a lower incidence of
cardiovascular events12. However, in the present study, we
hypothesize that HDFpre and HDFpost may induce a
higher loss of amino acids (AAs) comparedwith diffusive he-
modialysis methodologies. In fact, to the best of our knowl-
edge, few studies conducted to date have identified both the
class and quantity of AAs lost during HD andHDFpost,13,14

and no studies have addressed this issue in the context of
HDFpre. AA loss is certainly not a trivial matter,
particularly when dealing with elderly patients or patients
featuring an inadequate protein/calorie intake, in which
an excessive loss of AA might facilitate the onset of the
protein energy wasting as a combination of malnutrition
and systemic inflammation.15 Protein energy wasting is
characterized by a high prevalence in both patients with
end-stage renal disease patients (11-25%)16,17 and those
undergoing chronic hemodialysis (30-75%)18 but is also a
negative prognostic indicator for patient survival, physical
function, and quality of life.
Therefore, themain aim of this observational prospective

study was to quantify AA losses registered using the 3 types
of dialysis methods investigated. To this regard, metabolic
compensation of the body subsequent to loss of AAs in dial-
ysis fluid was determined by measuring plasma AA concen-
trations during both predialytic and postdialytic sessions.
The second aim of the study was to investigate whether
over time AA changes may result in metabolic and nutri-
tional decline in patients subjected to these methods of dial-
ysis. Finally, a subanalysis was performed to compare plasma
AA concentrations measured in arterial blood between
healthy controls19,20 and long-term dialysis patients.
Methods
Population
Ten patients undergoing chronic hemodialysis with a

treatment duration exceeding 6 months were recruited to
the study. All patients were Caucasian males. The inclusion
criteria included the following: patients were required to be
in a metabolic steady state, aged between 18 and 80 years,
free from acute or chronic inflammatory disease, malignant
cancers, and/or autoimmune diseases over the previous
6 months, to not have undergone previous kidney trans-
plant that had since failed, to not currently be taking steroid
and/or immunosuppressant treatment, and to be devoid of
heart failure and conditions associatedwith acute of chronic
respiratory deficit and liver cirrhosis. The mean age of the
10 patients recruited was 70.4 6 9.5 years (54-80 years),
and the mean dialysis age was 77.6 6 37.7 months. Dry
weight of the patients at the start of the study was
72.7 6 12.3 kg (47-87.4). Data obtained from this sample
of patients were compared, and statistical differences were
evaluated with the findings of a study conducted on a group
of 8 healthy volunteers.19,20

Dry weight and target weight were calculated on the ba-
sis of both intradialytic and extradialytic clinical assessment
and on total bodywater values determined bymeans of bio-
impedance analysis.
All patients were informed of the aims of the study and

signed an informed consent form relating to their participa-
tion in the study. Ethical approval for the study was ob-
tained from the Ethics Committee of the Public Health
Corporation.

Study Design
Patients were randomized to the following clearance

techniques:HEHD,HDFpost, andHDFpre. The sequences
of methods selected were as follows: in 3 patients, HEHD-
HDFpost-HDFpre; in 2 patients, HEHD-HDFpre-
HDFpost; and in 5 patients, HDFpost-HDFpre-HEHD.
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For each dialysismethod (HEHD,HDFpost,HDFpre), over
theweek preceding testing patients underwent 3 sessions us-
ing the same method. The test was then conducted during
the subsequent fourth session, thus corresponding to the
longest interdialytic gap. This regimen was adhered to for
all 3 methods applied to avoid carry-over effects from the
previous methods. The study was conducted between
January 2017 and February 2018.

Hemodialysis Procedures
In all patients, the same dialysis monitor and the same

type of membranes (nanotechnology low- and high-flux
polysulfone) were used, with the following characteristics:
in HEHDmembranes, ultrafiltration coefficient of 18 mL/
minute/mm Hg/hour and a total dialysis surface area of
1.8 m2 were used; in HDFpost and HDFpre membranes,
ultrafiltration coefficient of 59 mL/minute/mm Hg/hour
and a total dialysis surface area of 1.8 m2 were used; blood
flow (Qb): 300 ml/minute with vascular access established
by means of arteriovenous fistula in the verified absence of
recirculation; dialysate flow (Qd): 500 mL/minute; session
duration 240 minutes. With regard to HDFpost and
HDFpre methods, the ultrafiltration target was to apply re-
infusion rates aimed at achieving maximum dialysis effi-
ciency: at least 30-40% dry weight in HDFpost and 60%
dry weight in HDFpre. The study duration was 21 days, in-
clusive of the 3 dialysis sessions performed before testing,
and the 14-day gap between the first and last tests. The
following variables were monitored: dialysis efficiency
(equilibrated Kt/V, eqKt/V) and equilibrated protein cata-
bolic rate 1 urea reduction rate. Dialysis solution or infu-
sate was acetate free, with the following mandatory
concentrations: sodium 138-142 mmol/L, potassium
2-3 mmol/L, HCO32, 30-35 mEq/L, calcium 1.5 mg/
dL, glucose 5.55 mmol/L. All methods provided for the
online production of ultrapure fluid periodically subjected
to rigorous microbiological testing (colony-forming
units5 0/mL) and calculation of endotoxin load (Limulus
Amebocyte Lysate Test , 0.001 EU/mL).

Body Composition
Body composition was determined using bioimpedance

vector analysis (BIVA). Hydration status, lean mass, and fat
mass on reaching dry weight were calculated using Renal
EFG BIVA� Technology (EFG Diagnostics, Belfast, UK)
with alternated microcurrent, safe for use in patients with
active devices, and application of 2 high sensitivity elec-
trodes (Bivatrodes, Akern s.r.l.).21,22 Electrical resistance
of fluids and cell capacitance were determined. Body
mass index was also measured on achievement of dry
weight.

Biohumoral Variables
Blood chemistry tests were used to measure the erythro-

cyte count, Hb, lymphocytes, platelets, C3, total and Low
Density Lipoprotein cholesterol, creatinine, total protein, al-
bumin, presession and postsession sodium and potassium,
calcium, phosphates, C-reactive protein, pH and presession
and postsession bicarbonate; presession andpostsession blood
urea nitrogen. Blood chemistry tests relating to nutritional
status and assessment of bioimpedance tests were carried
out at the start of the study and after 12 months treatment.

Amino Acid Kinetics
To avoid interference with plasma AA concentrations,

the patients were not allowed to eat over a 6-hour period
before or during the dialysis session on blood and dialysate
test days. To ensure the highest possible degree of validity of
results, accurate methods were used in the sampling and
collection of plasma samples to be used in AA concentra-
tion tests: before and during the dialysis session 10 mL of
whole blood were collected in 2 heparinized test tubes
and stored at room temperature (to avoid thermal hemoly-
sis). Plasma was separated within 2 hours of collection by
centrifuging at 3,000 rpm for 10 minutes. The plasma ob-
tained was frozen in 2 mL cryogenic test tubes at a temper-
ature of 220�C. Dialysate exiting the outlet filter was
sampled by means of the continuous spilling technique23,24

to allow the quantification of lost AAs, thank to the
contribution of a high precision volumetric pump used in
drug administration (Agilia�, Fresenius Kabi) located at
the dialysate outlet and featuring a constant rate of
aspiration over the 4 hours of treatment. The flow
velocity of dialysate sampled corresponded to 1% of total
dialysate flow. The liquid collected was then mixed to
render the solution homogenous and 4 mL sampled and
stored in a freezer in two 2 mL test tubes. Within 2 days
of collection, the samples were transferred in dry ice to
the laboratory where they were stored. These substrates
were determined for each dialysis session in arterial blood
and in dialysis fluid. Blood determinations were
performed both before the start of dialysis treatment and
at the end of the session. AAs in each blood sample were
measured in triplicate. The mean of the 3 determinations
was calculated. Concentrations of free AAs were
measured using an AMINOQUANT II AA analyzer
based on the HP 1090 high-performance liquid
chromatography system with fully automated precolumn
derivatization using both orthophthalaldehyde and 9-
fluorophenyl-methyl-chloroformate reaction chemistries
according to the manufacturer’s protocol. The results
were obtained by injecting 1 mL of the derivatized
mixture and measuring absorbance simultaneously at
338 nm and 262 nm. The AA concentration was
expressed in both micromol/L and in mg/dl and
compared in our laboratory with standard values; data
obtained in these studies were subsequently compared
statistically using the same laboratory procedure with
those of 8 healthy volunteers in whom AA arterial
concentrations had been determined.19,21 Twenty AAs
were determined, although analysis was limited to total



Table 1. Blood Chemistry Data of All Patients at the Start of
the Study and After 12 Months

Start Twelve Months

Studied patients 10 10
Total protein, g/dL 6.7 6 0.6 6.6 6 0.5

Albumin, g/dL 3.9 6 0.2 3.8 6 0.3

Blood urea nitrogen, mg/dL 63 6 10 68 6 9.7

Creatinine, mg/dL 9.9 6 1.6 10.3 6 1.8
Total cholesterol, mg/L 128 6 24 131.2 6 6.8

CRP, mg/dL* 5.8 6 2.4 7.0 6 6.3

C3, mg/dL† 94.8 6 9.4 ‡ 87.7 6 9.5 ‡

Hb, g/dL 12.3 6 2.3 11.8 1 0.7

Lymphocytes, mm3 1135 6 307 1180 6 539

Calcium, mg/dL 9.3 6 0.9 8.9 6 0.7

Phosphates, mg/dL 5.7 6 1.5 5.3 6 1.2

CRP normal values: , 5 mg/L.

*CRP, C-reactive protein.

†C3: normal values: 80-160 mg/dL.

‡P , .001.

AMINO ACID LOSS IN HEMODIALYSIS 129
AAs (TAAs), essential AAs (EAAs) including branched
chain AAs (BCAAs), nonessential AAs (NEAAs), and the
ratio of all classes of AA/TAAs.

Statistics
Statistical analysis was performed using the linear mixed

models, in which patient identification was introduced as a
random effect. This operation allowed us to take into ac-
count potential differences resulting solely from patient de-
tails and to eliminate them from the model, thereby
increasing power and precision. All analyses were per-
formed using software R ver. 3.4.1. The disconnection/
connection difference, percentage loss between disconnec-
tion and connection, and the results of statistical tests are re-
ported for all comparisons.

Results
Hydroelectric Regulation and Dialysis
Adequacy
The findings of the study confirmed that the variables ob-

tained were within the ranges defined by the study. The dial-
ysis solutions used displayed feature characteristic of ultrapure
waters with total absence of microbial growth and negative
Limulus Amebocyte Lysate Test. The mean concentrations
of dialysis fluids were sodium, 139.9 6 1.2 mmol/L; potas-
sium, 2.9 6 0.3 mmol/L; HCO32, 32.5 6 1.9 mEq/L;
calcium, 1.5 mg/dL; and glucose, 5.55 mmol/L. No
acetate-containing dialysates were used. A thrice-weekly
dialysis regimen with session duration of 240 minutes was
used. Interdialytic weight gain was well controlled in the
long interdialytic gap in HEHD, HDFpost, and HDFpre,
where the following values were detected: 2.8 6 0.6 Kg,
3.0 6 0.6 Kg, and 2.6 6 0.8 Kg, respectively (P 5 not
significant).
High ECRs corresponded to 30.1 6 3.7% dry weight

in HDFpost, while in HDFpre, a very high ECR
of 65.1 6 7.9% dry weight was obtained.5 A stable
hydroelectric status was maintained throughout the 3
dialysis methods; HEHD: Na connection/disconnection:
138.46 1.7/141.26 1.7 mmol/L; HDFpost: Na connec-
tion/disconnection: 139.5 6 1.2/141.4 6 1.0 mmol/L;
HDFpre: Na connection/disconnection: 138.4 6 2.7/
141.0 6 1.5 mmol/L (P 5 not significant.); plasma potas-
sium: HEHD K connection/disconnection: 5.3 6 0.8/
3.9 6 0.3 mmol/L; HDFpost: K connection/disconnec-
tion: 5.4 6 1.0/3.9 6 0.4 mmol/L; HDFpre: K connec-
tion/disconnection: 5.3 6 0.8/4.0 6 0.2 mmol/L
(P 5 not significant); serum bicarbonate: HEHD:
HCO32: connection/disconnection: 21.2 6 1.7/
25.1 6 2.0 mEq/L; HDFpost: HCO32: connection/
disconnection: 21.5 6 2.1/25.1 6 1.9 mEq/L; HDFpre:
HCO32 connection/disconnection: 21.5 6 1.8/
25.3.0 6 1.8 mEq/L (P 5 not significant).
Table 1 shows the blood chemistry values obtained at the

start of the study: serum protein concentrations were in the
normal range, with a modest state of systemic inflammation
and hypocholesterolemia; a decrease in specific immuno-
logical capacity (lymphocytes) was observed. After 1 year,
serum protein concentrations remained within normal
range, with an additional, although not significant, increase
in state of systemic inflammation and persistence of
hypercholesterolemia. Complement component C3 re-
mained within normal range, although values were signifi-
cantly lower. Moreover, a low total lymphocyte count
persisted.
Table 2 illustrates the main dialysis parameters. Mean re-

infusion volumes in HDFpost and HDFpre of 29.8% dry
weight and 64.5% dry weight, respectively, were detected.
Values obtained for eqKt/V, urea reduction rate, and infu-
sion volumes indicated the adequacy of dialysis per-
formed.25 It should be underlined that patients were not
affected by thirst over the immediately postdialysis
period.26 Patients had a mean daily protein intake,
calculated on the basis of eqPCR, of 0.98 6 0.17 g/Kg/
day at the start of the study and 0.996 0.16 g/Kg/day after
1 year. Three of 10 patients were taking anticholesterol
drugs: one, ezetemibe 1 simvastatin, one, omega-3 fatty
acids, and the last one, omega-3 fatty acids 1 ezetimibe.

Body Composition Calculated Using
Bioimpedance Analysis
At the start of the study, when compared with healthy

volunteers, all patients manifested an altered distribution
of body fluids resulting in a reduction of intracellular and
an expansion of extracellular fluids. The total amount of
body fluids was generally reduced. As a consequence, dial-
ysis patients displayed a decrease in body cell mass with
reduction in cell mass and marked reduction in muscle
mass. Patients undergoing dialysis moreover presented
with a reduced integrity of tissues as expressed by the phase
angle. Twelve months after the start of the study, the



Table 2. Dialysis Adequacy, Solutes, and Infusion Volumes.

HEHD HDFpost HDFpre

Studied patients 10 10 10

Average age, years 70.4 6 9.5
Dialysis vintage, months 77.6 6 37.7

Dry weight, Kg 72.7 6 12.3

Interdialytic weight gain (IWG), Kg 2.8 6 0.6 3.1 6 0.6 2.8 6 0.5

Equilibrated Kt/V 1.37 6 0.2 1.41 6 0.1 1.38 6 0.1
Equilibrated protein catabolic rate, g/Kg/day 0.93 6 0.1 0.92 6 0.1 0.89 6 0.1

Urea reduction rate, % 72.5 6 4.5 74.1 6 2.6 73.5 6 3.0

Dialytic sodium final concentration, mmol/L 139.9 6 1.2 139.7 6 1.3 139.7 6 1.4
Dialytic potassium final concentration, mmol/L 2.9 6 0.3 2.8 6 0.4 2.9 6 0.3

Dialytic bicarbonate final concentration, mEq/L 32.5 6 1.9 32.4 6 1.8 32.5 6 1.9

Reinfusion total volume (Vuf), L 3.2 1 0.5* 21.7 6 3.7* 46.9 6 7.9*

Qd 1 Vuf 1 IWG L, liters per session 122.8 6 0.7* 144.8 6 4.1* 169.3 6 7.7*

HDFpost, postdilution hemodiafiltration; HDFpre, predilution hemodiafiltration; HEHD, high-efficiency hemodialysis.

*P , .001; total reinfusion; in HEHD, the total reinfusion corresponds to the incremental interdialytic weight gain (IWG).
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distribution of both body fluids andmetabolically active cell
mass and the reduction of tissue integrity had worsened.
Table 3 reports values relating to body compartments de-
tected using bioimpedance analysis compared with the
normal range reported for the most ethnically comparable
population to our population over the age of 60 years.27
Plasma AA Concentrations Before Dialysis
Sessions

The study showed how patients displayed marked alter-
ations of the circulating class of AA before dialysis sessions
compared with healthy controls (Table 4). Indeed, patients
showed a significant reduction in TAAs (P,.001) as a result
of the low levels of nonessential AAs, whereas similar levels
of EAAs (leucine, isoleucine, valine threonine, lysine,
methionine, phenylalanine, tryptophan) were observed in
controls and renal patients. Thus, in the patients studied,
the EAA/TAA ratio was found to be significantly higher
than in normal subjects (P 5 .0015). Moreover, in the
Table 3. Body Composition Calculated Using Bioimpedance Ana
Patients.

Normal Range

Considered

Total body water, % 56.5 6 4.7

Body cell mass, % 48.4 6 4.8

Extracellular water, % 45.9 6 3.9
Intracellular water, % 54.1 6 3.9

Muscle mass, % 43.6 6 6.3

Fat free mass, % 66.1 6 17.3
Fat mass, % 33.9 6 17.3

Phase angle, (�) 5.8 6 0.5

Dry weight BMI .25

BMI, body mass index.
The first column illustrates the normal ranges for healthy individuals ove
context of EAA, concentrations of BCAA (leucine, isoleu-
cine, valine) were similar between patients and controls,
owing to a significantly higher BCAA/TAA ratio in pa-
tients (P , .001) as a result of reduced TAA.
AA Losses in Dialysis Fluid
The study revealed a loss of AA in dialysis fluid for each

treatment modality. The results indicated that the total
amounts of AAs lost per session differed for the 3 hemodi-
alysis methods. When considering AA in terms of concen-
trations (mg/dL) and thrice-weekly loss (Fig. 1), the overall
loss of AA during dialysis was significantly higher in
HDFpre than in HDFpost and HEHD. In turn, AA loss
in HDFpost was higher than in HEHD. A similar loss of
EAA was registered for both HDF techniques, although
this was significantly higher compared with HEHD. A
significantly higher loss of BCAAwas observed in HDFpre
than in HDFpost, with the latter registering higher losses
than those detected for HEHD. To summarize, HDFpre
lysis at the Start of the Study and After 12 Months in All

Start of the Study After 12 Months P

53.5 6 6.9 55.2 6 7.0 .24

43.9 6 5.4 41.1 6 4.9 .04

54.9 6 5.0 57.5 6 4.6 .05
45.0 6 5.0 42.5 6 4.8 .04

38.3 6 5.6 37.7 6 5.5 .20

68.0 6 2.6 70.3 6 8.8 .23
32.0 6 8.4 29.7 6 8.8 .24

4.4 6 0.7 4.0 6 0.6 .03

25.6 6 3.3 24.9 6 3.4 .06

r the age of 60 years.



Table 4. Differences in Arterial AA Concentrations (mg/dL)
Between Healthy Subjects and All Dialysis Patients.

Eight Healthy

Subjects (n 5 8)

Ten Dialysis
Patients (n 5 10)

(Average of

Methods Used) P

TAA 33.1 6 0.8 25.8 6 4.3 ,.01

EAA 8.9 6 0.2 8.6 6 1.9 .61
NEAA 24.4 6 0.6 17.4 6 3.2 ,.001

BCAA 3.5 6 0.2 3.4 6 0.7 .66

BCAAs, branched chain amino acids; EAAs, essential amino acids;

NEAAs, nonessential amino acids; TAAs, total amino acids.
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elicited a higher loss of TAAs, BCAAs, and NEAAs
compared with HDFpost. In turn, HDFpost produced a
higher loss of all classes of AA considered compared with
HEHD.
Plasma AAs Concentrations After Dialysis
Sessions and 12 Months After the Start of the
Study
The results of the study revealed a reduction in plasma

AA concentrations after all types of dialysis sessions. How-
ever, a significantly higher reduction of plasma AA concen-
trations was registered for methods using higher plasmatic
water exchange volumes compared with the HEHD diffu-
sive technique (Table 5). Moreover, the HDFpre method
elicited a higher decrease in plasma BCAAs than HDFpost.
Twelve months after the start of the study, samples collected
immediately before dialysis sessions revealed significant re-
ductions in plasma concentrations of EAAs (249%) and
Figure 1. Differences in loss (6standard deviation) of different cla
were normalized by total reinfusion volumes. (A) HEHD versus H
P 5 .05; (C) HEHD versus HDFpost: P 5 .03; (D) HEHD versus
P, .01; (F) HEHD versus HDFpost and HDFpre: P, .01; (G) HDFp
filtration; HDFpre, predilution hemodiafiltration.
BCAAs (218%) compared with the baseline values. Plasma
concentrations of NEAAs and TAAs after 12 months re-
vealed no significant variations (Table 6).
To provide a soundly based metabolic assessment of the

ratio between total AA and the different classes of EAAs,
NEAAs, and BCAAs, these data have been illustrated in
Table 7. Although EAAs are not lacking in dialysis patients,
EAA/TAA, NEAA/TAA, and BCAA/TAA plasma ratios
remain proportional at both the start and end of sessions.
These ratios are likewise proportionally maintained in dial-
ysis fluid outlet from the filter.
Discussion
The present study confirmed our hypothesis whereby at

the current state of the art, the use of high exchange volume
techniques such as HDFpost, and particularly HDFpre, re-
sults in a considerably higher loss of AA in dialysis fluid
compared with losses observed with currently applied
extracorporeal high diffusive methods. This is the first
report to highlight the magnitude of loss of AA in dialysis
fluid during HDFpre. The study also yielded findings in
support of our second hypothesis according to which,
over time, subjects undergoing dialysis are subjected to a
general worsening of metabolic status, including body
composition and specific cell immunity. Furthermore, the
study demonstrated how, in the period immediately subse-
quent to the dialysis, session plasma AA concentrations
were reduced compared with the levels observed during
the predialysis period, thus indicating the absence and inef-
ficacy in dialysis patients of a metabolic compensation
mechanism geared at replacing AAs lost in dialysis
sses of AAs in the 3 treatment groups. AA losses per session
DFpre and HDFpost: P , .01; (B) HDFpost versus HDFpre:
HDFpre: P , .01; (E) HEHD versus HDFpost and HDFpre:
ost versus HDFpre: P5 .04. HDFpost, postdilution hemodia-



Table 7. Ratio of the 3 Classes of Amino Acids Versus Total
Amino Acids in Different Samples

Ratio Sampling HEHD HDFpost HDFpre

Table 5. Average Differences of AA Plasma Levels Between Predialysis and Postdialysis Bicarbonate Hemodialysis (BD), HDF
Online in Postdilution (HDFpost), and HDF Online in Predilution (HDFpre).

Amino Acid Plasma
Levels, mg/dL

Average Levels
Immediately Before

All 3 Dialysis Treatments

at the Start of the Study HEHD HDFpost HDFpre

Average 6 SD % Average 6 SD % Average 6 SD % Average 6 SD %

Total AA
Start 25.8 6 4.3 233.5 26.1 6 19.2 226.4A 26.6 6 3.7 237.9A 25.5 6 3.7 236.0A

End 17.3 6 3.3 19.2 6 4.5 16.5 6 2.1 16.3 6 1.9

NEAA

Start 17.4 6 3.2 233.9 18.4 6 1.3 233.9A 18.8 6 1.5 238.1A 17.4 6 1.2 239.3A

End 11.5 6 2.2 12.1 6 0.9 11.0 6 0.8 10.7 6 0.8

EEA

Start 8.6 6 1.9 232.6 8.1 6 1.7 227.1A 8.0 1 1.7 235.0A 8.3 6 1.6 237.3A

End 5.8 6 1.4 5.9 6 0.9 5.2 1 0.9 5.2 6 0.9

BCAA

Start 3.4 6 0.7 232.4 3.3 6 0.7 224.2A 3.2 1 0.8 231.2A,B 3.5 6 0.6 237.1A,B

End 2.3 6 0.5 2.5 6 0.7 2.2 6 0.3 2.2 6 0.4

BCAAs, branched chain amino acids; HDFpost, postdilution hemodiafiltration; HDFpre, predilution hemodiafiltration; HEHD, high-efficiency

hemodialysis.

AA values at the start of dialysis were normalized considering hemodilution before treatment

The near left-hand column shows plasma AA levels recorded before the start of the treatment.
A,BBD versus HDFpost and HDFpre and HDFpost versus HDFpre. P , .001.
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fluid. Finally, subanalysis conducted on arterial plasma con-
centrations before dialysis sessions showed a marked alter-
ation of AA concentrations in subjects undergoing
hemodialysis compared with healthy individuals.

Dialysis Techniques and AA Losses
Based on a thrice-weekly dialysis regimen, the loss of AA

in dialysis fluid amounted to approximately 15-16g,
although this figure rose significantly when using high con-
vection volume exchange techniques versus diffusive
methods. Yearly AA loss in the dialysis fluid of patients on
thrice-weekly hemodialysis is estimated to be in the region
of 800 g using the HEHD diffusive technique, 837 g in
HDFpost, and 850g in HDFpre. The study highlighted a
marked homogeneity of AA concentrations in the dialysis
fluid of all types of treatment applied, as demonstrated by
Table 6. Arterial Predialysis AA Concentrations of All
Patients Studied at the Start of the Study and After
12 Months

Average of

All 3 Dialysis
Treatments

(Start of the Study)

Average of

All 3 Dialysis
Treatments

(After 12 Months)

Total AA, mg/dL 26.0 6 4.5 28.3 6 5.3

NEAA, mg/dL 17.4 6 3.2* 21.2 6 6.3*

EEA, mg/dL 8.6 6 1.9 4.4 6 1.1
BCAA, mg/dL 3.4 6 0.7† 2.8 6 0.7†

BCAAs, branched chain amino acids.

*P , .001.

†P 5 .018.
the low values of standard deviation detected. The latter
was likely due to the technique used and to the degree of
homogeneity of all parameters applied in this study with
the aim of avoiding methodological bias, which were
seen to be associated in other studies13,14 with inevitable
interferences deriving from the heterogeneity of methods
and treatments. Comparable parameters were applied to
all 3 methods used in the present study: eqKt/V,25 the
same type of membrane, duration of treatment, the same
Qb and Qd, use of ultrapure dialysis fluid, the same moni-
tors, materials, and extracorporeal circuit devices. Finally,
EAA/TAA Start 0.31 6 0.05 0.30 6 0.04 0.32 6 0.04
End 0.31 6 0.04 0.31 6 0.04 0.32 6 0.04

Dialysis

fluid

0.30 6 4.3 0.31 6 0.05 0.31 6 0.04

NEAA/TAA Start 0.69 6 0.05 0.70 6 0.04 0.68 6 0.04

End 0.69 6 0.04 0.69 6 0.04 0.68 6 0.04

Dialysis

fluid

0.70 6 0.04 0.71 6 0.05 0.68 6 0.03

BCAA/TAA Start 0.14 6 0.03 0.13 6 0.02 0.15 6 0.02

End 0.15 6 0.02 0.14 6 0.01 0.15 6 0.02

Dialysis

fluid

0.13 6 0.02 0.13 6 0.01 0.14 6 0.02

BCAA, branched chain amino acids; EAA, essential amino acid;

HDFpost, postdilution hemodiafiltration; HDFpre, predilution hemo-

diafiltration; HEHD, high-efficiency hemodialysis; NEAA, nonessen-

tial amino acid; TAA, total amino acid.
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the precision of this method in determining mass AA trans-
fer using the technique of continuous spilling of dialysis
fluid throughout the entire dialysis session, and taking
into account the exact amount of dialysis fluid exiting the
filter outlet, should be underlined. The justification under-
lying our choice of method based on convective adequacy is
of similar importance; using the HDFpost method, FF
applied was more than 8% higher than levels reported in
literature and more than 58% higher using HDFpre.5,10

These percentages are higher than those recently reported
in literature,5,26 thereby allowing us to achieve
significantly higher exchange volumes using online
HDFpost and HDFpre compared with the previously
indicated parameters, obtaining for HDFpost a plasmatic
water exchange of 30.6% dry weight and 66.7% for
HDFpre, thus exceeding significantly the mean 8.3% FF
dose used in HDFpost7-9 and particularly the 58.5% FF in
HDFpre.5,10

Plasma AAs and Body Composition
The study demonstrated how patients with end-stage

renal disease were characterized by marked alterations of
plasma AA availability and decline in body composition.
This metabolic profile was found to have worsened further
after an additional 12 months of dialysis.
At the start of the study, patients showed a reduction in

circulating TAA levels because of low levels of NEAAs
and unimpaired circulating EAA and BCAA levels, similar
to those observed in healthy controls. Consequently, this
plasma AA profile is the opposite of that observed in pa-
tients with Chronic KidneyDisease (CKD) on conservative
therapy in whom the main characteristics are low plasma
BCAA, mainly Valine and high NEAA concentrations.28

Thus, the contributions of EAAs and BCAAs to circu-
lating total AAs in the patients studied are significantly
higher than in healthy individuals. At first glance, this
finding may paradoxically suggest a better nutritional status
of patients compared with healthy subjects.
To explain this phenomenon, we postulate that normal

EAA and BCAA levels are not the result of increased patient
intakes of high-quality protein but rather to an increased
muscle release of these AAs. Several factors support this hy-
pothesis. First, in the predialysis session, patients presented
with metabolic acidosis associated with decompensated
acidemia.29 Intracellular acidosis is responsible for increased
muscle protein breakdown. Second, patients had a systemic
chronic inflammation causing muscle protein catabolism.
Third, patients were characterized by a chronic lower pro-
tein intake: the difficulty of achieving recommended opti-
mum intake of protein and calories in patients undergoing
hemodialysis is widely acknowledged.30 Fourth, during
each treatment session, patients’ loss of AAs was not imme-
diately compensated by body metabolism. Indeed, at the
end of the dialysis session, plasma AA profile had worsened
compared with presession values. Finally, hemodialysis per
se causes an acute increase in muscle protein catabolism,31

while at the same time, a decrease in muscle protein synthe-
sis.32 This increased muscle protein breakdown may also be
associated with high muscle protein synthesis, although the
rate of catabolism exceeds the rate of protein synthesis:
marked muscle hypercatabolism invariably ensues. Indeed,
during each hemodialysis session, arteriovenous AA bal-
ance becomes increasingly negative compared with preses-
sion values.31 The dialysis procedure likely induces
inflammation, thus contributing to exalted muscle protein
degradation.
Briefly, normal EAA and BCAA concentrations in pa-

tients on chronic dialysis may reflect a marked AA release
from muscle resulting in long duration of muscle
wasting32,33 and is not able to maintain a good nutritional
status and stable metabolic balance. The finding of an
increased muscle hypercatabolism in our patients was
supported by the fact that they were found to be affected
by sarcopenia. Moreover, increased contributions of
EAAs and BCAAs to TAAs are similar to those detected
in cachectic cancer patients,34,35 in whom increased EAA
and BCAA/TAA ratios are associated with a decrease in
psoas muscle volume.36 On the other hand, acidosis and
cancer share an increased ubiquitin-proteasome proteolytic
pathway.37 With respect to NEAAs, it is plausible that the
reduced plasma levels observed may be because of an over-
consumption of these substrates by the body. Acidosis-
induced muscle hypercatabolism represents an important
factor for high AA consumption, as catabolic processes
necessitate the production of large amounts of cell energy.
AAs, including NEAAs, are implicated in the formation
of energy in cells as they are the only substrates used in
the tricarboxylic chain acid cycle. Muscle biopsy carried
out in subjects with chronic kidney disease found increased
transaminase activities in the tricarboxylic cycle.38

The overconsumption of NEAAs by the body may also
occur during dialysis sessions to decrease whole-body pro-
tein catabolism, thereby suggesting a central utilization of
AA released from skeletal mass.31 This may explain the
discrepancy between deterioration of body tissue and
maintenance of normal circulating albumin found in this
study, although it fails to explain the low blood lymphocyte
count observed. We hypothesize that the lack of one or
more AAs of specific importance in lymphocyte prolifera-
tion, differentiation, and maturation may be involved. The
preservation of circulating albumin was enhanced by the
absence of insulin resistance, because of the fact that patients
with coexistent insulin resistance or diabetes were excluded
from the study. The finding of preserved albumin is of
particular importance because of the fact that proteins are
lost in dialysis fluid.

Twelve Months After the Start of the Study
The results of this study demonstrate how 12 months af-

ter the start of the study, plasma EAA and BCAA
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concentrations were significantly reduced compared with
the levels observed at the outset. This indicates a progressive
imbalance over time between AA consumption and exog-
enous dietary intake. Indeed, patients’ protein intakes both
at the start of the study and 1 year later were lower than rec-
ommended. This, however, did not match the loss of AA,
including EAA, and muscle protein synthesis maintained
during dialysis. In the long run, this phenomenon may
have caused an impoverishment of EAA arterial levels. It
may also be possible that increased amounts of EAAs could
have been consumed in the formation of NEAAs, thus
contributing further to impoverishment of circulating
levels. Likely, reduced EAA availability in arterial blood
may have resulted in an increased body catabolic/anabolic
activity ratio leading to increased loss of metabolically active
tissues, as highlighted 12 months after the start of the study.
Indeed, 1 year into the study, the CKD5D population stud-
ied displayed a worsening of intracellular dehydration, hy-
pervolemia, and cell mass wasting.

Conclusion
The present study demonstrates how CKD5D patients

are affected by dramatic alterations of plasma AA availability
and deteriorated body composition. These phenomena
occur in all extracorporeal sessions with efficient high
diffusive and convective power especially convective
HDFpre. The perturbations of AA metabolism provide a
mechanistic plausibility for a further worsening of
patient-deteriorated body composition already after an
additional 12 months of dialysis. Patient metabolism cannot
compensate the AA losses which consequently increase the
observed derangements of predialysis arterial AA levels.

Practical Application
It is necessary to clarify that we do not intend to limit

the purifying effectiveness of all the most modern extra-
corporeal therapies. But it is necessary to compensate
AA loss possibly by avoiding intravenous administration
during the extracorporeal session and only in HEHD
and HDFpost, as result of a greater loss by the increase
in the blood-dialysate diffusion gradient. During
HDFpre, the AAs would all be lost with the ultrafiltered
liquid by the dialyzer membranes. Therefore, a mixture of
AAs needs to be administered orally few hours after the
hypercatabolic effect of dialysis and/or few hours before
dialysis. The minimum recommended dose is about
4 g/day. The mixture should be consist of all EAAs and
BCAAs to optimize protein synthesis, and specific mix-
tures tailored to the metabolism of patients undergoing
dialysis should be used because there are huge variations
in the concentration of each AA.
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