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Abstract

Background Peritoneal dialysis (PD) and hemodialysis (HD) are options for the treatment of acute kidney injury (AKI)
patients. The aim of this study was to compare the effects of PD and daily HD on respiratory mechanics of AKI patients
undergoing invasive mechanical ventilation (IMV).

Methods A prospective cohort study evaluated 154 patients, 37 on continuous PD and 94 on HD. Respiratory mechanics
parameters such as pulmonary static compliance (Psc) and resistance of the respiratory system (Rsr) and oxygenation index
(OI) were assessed for 3 days. Patients were evaluated at moments 1, 2 and 3 (pre- and post-dialysis).

Results The initial clinical parameters were similar in the two groups, except the age that was higher in continuous PD
group (70.8 +11.6 vs. 60+ 15.8; p<0.0001). In both groups, Psc increased significantly, with no difference between the
two groups—pre-dialysis (continuous PD 40+ 17.4,42.8 +17.2,48 +19; HD 39.1 +21.3,39. 5+ 18.9,45.2+21) and post-
dialysis (continuous PD 42.8 +7.2, 48 +19, 57.1 £ 18.3; HD 42+ 19, 45+ 18.5, 56 +24.8). Rsr remained stable among
patients on continuous PD (pre-dialysis 10.4+5.1, 13.3+7.7, 13.5+10.3, post-dialysis 13.3+7.7, 13.5+10.3, 11.1+5.9)
and decreased among HD patients (pre-dialysis 10.4+5.1, 10.4+5.1, 10.4 +5, 1, post-dialysis 10.5+6.8, 10+4.9, 8.9 +4.2).
There was difference in Rsr between the two groups at the post-dialysis moments 1 and 2 (p=0.03). OI increased in both
groups (continuous PD 260.7 + 119, 252.7+87.1, 287.3 +88.4; HD 228 +85, 257 +84, 312.1 +111.5, p>0.05), although
there was no difference between them.

Conclusion AKI patients undergoing IMV and HD or PD had improvement in the mechanical ventilation and oxygenation,
with no difference between the two groups.

Keywords Acute kidney injury - Continuous peritoneal dialysis - Daily hemodialysis - Respiratory mechanics -
Oxygenation and invasive mechanical ventilation

Introduction are viable options. Recent studies have shown that PD can

promote adequate metabolic and fluid control in some AKI

Acute kidney injury (AKI) is a common disorder that affects
approximately 50% of patients in intensive care units [1].
The kidneys and lungs are the organs most often involved
in critically ill patients, and the association between AKI
and acute lung injury (ALI) may result in a mortality rate
>80% [2].

There is no consensus in the literature regarding the best
dialysis method for the treatment of AKI. Intermittent hae-
modialysis (IHD) and continuous peritoneal dialysis (PD)
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patients, with a mortality rate similar to that of other dialysis
modalities [3-9]; however, after infusion of the dialysate,
PD can increase intra-abdominal pressure (IAP) and lead to
impaired diaphragm mobilization, reduced inspiration and
expiration pressure, reduced total pulmonary capacity and
reduced functional residual capacity, which could cause or
worsen respiratory failure [10-14].

Despite the important association between AKI and lung
injury in patient prognosis, few studies have evaluated the
influence of PD and HD on respiratory mechanics in AKI
patients. Therefore, this study aimed to evaluate and com-
pare respiratory mechanics, and oxygenation in mechani-
cally ventilated AKI patients undergoing high-volume PD
and [HD.
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Methodology

This prospective cohort study evaluated respiratory
mechanics during high-volume PD or IHD in AKI patients
undergoing mechanical ventilation. Patients were admit-
ted to the Clinical Hospital of Botucatu Medical School
over 18 consecutive months. The study was approved by
the medical ethics committee for local research (protocol
number 520362), and informed consent was obtained from
all participants or their legal representatives.

Patients were included in the study if they were
> 18 years of age; had a clinical diagnosis of AKI accord-
ing to AKI Network criteria [14], with AKI caused by
ischemic, nephrotoxic or mixed acute tubular necrosis;
were treated with at least one dialysis session and were
using mechanical ventilation.

The timing for renal replacement therapy (RRT) was
based on the concept of demand capacity balance, which
was originally described by Macedo and Mehta [15]. We
also started RRT when the patients had hypervolemia
refractory to high dose diuretics, rapidly increasing hyper-
kalemia, severe refractory acidosis and symptoms/signs
of uremia.

Exclusion criteria were pre- and post-renal AKI cau-
sation, hemodynamic instability (systolic blood pressure
< 80 mmHg or norepinephrine use at doses > 0.3 pug/kg/min),
absolute contraindications for PD or IHD use, early mechan-
ical complications related to PD (within 24 h), pregnancy,
severe chronic kidney disease (baseline serum creatinine
>4 mg/dl), kidney transplantation, tracheostomy (where
measurements of respiratory mechanics are not possible due
to lack of deep sedation) and use of alveolar recruitment
with positive end-expiratory pressure > 10 cmH,0.

Dialysis methods

Based on Kidney Disease Improving Global Outcomes
(KDIGO) Clinical Practice Guidelines for Acute Kidney
Injury [16], the AKI group at Botucatu Medical School
developed its protocol for choice of dialysis method and
dialysis dose for AKI patients. CRRT, PIRRT or PD are indi-
cated for hemodynamically unstable patients (noradrenaline
use > 0.3 pcg/kg/min). In patients with acute brain injury or
increased intracranial pressure due to intracranial hemor-
rhage, we recommend to use CRRT or PD.

Relative contraindications for PD use are recent abdom-
inal surgery, adynamic ileus, intra-abdominal adhesions,
peritoneal fibrosis, peritonitis and for the treatment of
emergencies such as acute pulmonary edema or life-threat-
ening hyperkalemia. In these situations, HD is the first
option for treating these patients.

The dialysis dose prescribed was Kt/V=1.4 for IHD and
PIRRT treatment, 0.6 for PD and 30 ml/kg/h for CRRT.

Patients were divided into two groups according to the
dialysis method used: the PD group, with patients undergo-
ing continuous high-volume PD, and the HD group, with
patients undergoing daily IHD (not using noradrenaline or
using it at doses < 0.3 pg/kg/min).

HD

The HD sessions lasted for 3-5 h and were held six times a
week. A double lumen catheter was inserted blindly for cen-
tral venous access (jugular or femoral vein) by a nephrologist
at the bedside under local anaesthesia. Blood and dialysate
flows were 300 and 500 ml/min, respectively. A volumetric
HD machine (Fresenius 4008F) and polysulfone dialyzer
(FX 60 or 80) with a prescribed Kt/V of 1.4/session were
used. The concentrations of bicarbonate (26-36 mEq/1),
potassium (1-3 mEq/l), sodium (140-145 mEq/1) and cal-
cium (2.5-3.5 mEq/l) of the dialysis bath were adjusted
according to the exams and individual needs of the patients.
The ultrafiltration rate (UF) did not exceed 500 ml/h and the
bath temperature ranged from 35 to 35.5 °C. During the ses-
sions, the patients were anticoagulated with a 50-100 IU/kg
bolus dose of heparin, and then with 500-1000 IU/h in the
following hours. In cases of contraindication to anticoagu-
lation, the system was washed with 50 ml of 0.9% sodium
chloride every 30 min, throughout the entire procedure.

PD

A continuous high-volume PD was used as it was designed
to achieve higher small-solute clearances. The modality used
an automated cycler, a flexible catheter and a high volume
of dialysis fluid as described previously [2-8]. Each high-
volume PD session lasted 24 h, and sessions were repeated
daily. The prescribed Kt/V was 0.60/session, and the total
dialysate volume per session ranged from 36 to 44 1 (2 1/
cycle). Peritoneal access was established by the nephrol-
ogy team who used a trocar to introduce a percutaneous
Tenckhoff catheter. The dialysate used was Dianeal (Na,
132 mEq/l; Ca, 3.5 mEq/l; K, 0 mEq/l; Mg, 1.5 mEq/I;
lactate, 40 mEq/l; glucose, 1.5, 2.5 or 4.25%) (Baxter, Sao
Paulo, Brazil), and the exchanges were performed using a
Home Choice cycler (Baxter).

Respiratory mechanics, IAP and oxygenation were eval-
uated. Respiratory mechanics were evaluated at six time
points over 3 days: M1 (before and after the first dialysis
session), M2 (before and after the second dialysis session)
and M3 (before and after the third dialysis session). Esti-
mates of pulmonary compliance (Psc) and system resist-
ance (Rsr) were based on the technique of end-inspiratory
occlusion [17]. Such measures require the patients to be
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paralyzed to eliminate spontaneous inspiratory effort [18].
Therefore, patients who had not previously been sedated
were temporarily sedated by a physician who evaluated
and prescribed medication until they reached deep levels
of sedation (-5 on the Richmond Agitation Sedation Scale
[19]) and the spontaneous inspiratory effort was absent.
Patients were paralyzed, if necessary. These measurements
were performed in the presence of physicians of ICU, who
prescribed the drugs.

Patients were ventilated using a constant-flow (square-
wave) volume-controlled mode with an inspiratory pause
of at least 2 s, a positive end-expiratory pressure of
5 cmH,0 and a tidal volume of 6 ml/kg (ideal weight).
Five consecutive measures of respiratory pressure peak,
plateau pressure, tidal volume, inspiratory flow, and auto-
positive end-expiratory pressure were collected at each
assessment, and average values were used for the calcula-
tions [20].The efficiency of gas exchange was assessed
daily (pre- and post-dialysis) by an oxygenation index,
corresponding to the ratio of the arterial oxygen pressure
to the fraction of inspired oxygen [PaO,/FiO,(20)], and by
the fraction of FiO, (expressed as a percentage).

An indirect technique, based on the method of Kron
et al., using a three-way intravesical catheter was used to
measure IAP [21]. Saline (25 ml) was instilled into the
bladder, and the patient was leveled into a completely
supine position (zero reference point at the mid-axillary
line) as determined by the International Conference of
Experts on Intra abdominal Hypertension and Abdominal
Compartment Syndrome [22]. After saline infusion, the
pressure monitor was expected to be stabilized at a fixed
value to ensure its reliability [23, 24].

The study protocol consisted of general data and the
assessment of respiratory mechanics, oxygenation, ultra-
filtration (UF) during each dialysis session and 24-h fluid
balance.

Data analysis was performed using SAS (version 9.2;
SAS Institute, Cary, NC, USA). Variables with normal
distribution were described using the mean + standard
deviation, while variables with non-normal distribution
were described using medians and interquartile ranges.
Repeated-measures analysis of variance and multiple com-
parisons with Tukey’s adjustment were used to analyse Rsr
and PaO,/FiO,. Comparisons of Psc, IAP, and FiO, were
performed using a repeated-measures model and asymmet-
ric distribution (gamma) under the GENMOD procedure.
Multiple-comparison tests were performed by the same
procedure using the DIFF option. The same type of cor-
rected adjustment was used for age, patients with chronic
obstructive pulmonary disease, pulmonary infection and
invasive mechanical ventilation (IMV) time. The level of
significance was 5% in all statistical tests.

@ Springer

Results

During the study period, 154 patients received dialysis treat-
ment: 45 by PD (29.2%) and 109 by IHD (70.8%). Absolute
contraindications for PD were present in 71 patients (46.1%)
and included recent abdominal surgery (< 1 month), multiple
abdominal surgeries (more than three procedures), severe
hyperkalemia with electrocardiography changes, severe res-
piratory failure (FiO,>70%) and severe fluid overload. Of
the 45 patients treated with PD, eight (17.8%) were excluded
from the analyses as they experienced mechanical compli-
cations related to the peritoneal catheter in the first 24 h
of dialysis (n=4) or underwent a tracheostomy (n=4). Of
the 109 patients treated with HD, 15 were excluded as they
presented higher hemodynamic instability during the first
IHD session. They were subsequently changed to prolonged
HD. Therefore of the remaining 131 AKI patients, 37 were
treated by PD and 94 by IHD. This represented 111 sessions
of high-volume PD and 282 sessions of IHD (a total of three
dialysis sessions were analysed for all patients).

The clinical characteristics of the patients studied at
the first evaluation and the chosen modality of dialysis
are described in Table 1. The groups were similar for all
characteristics except age, which was higher in the PD
group (70.8 +11.6 vs. 60+ 15.8, p <0.0001).

Assessment of respiratory mechanics

The parameters of respiratory mechanics were compared
between the two groups at the pre- (1, 2 and 3) and post-
dialysis time points (1, 2 and 3). Table 2 shows the results
of Psc at the pre- and post-dialysis time points. There was
no significant difference between the groups during the
3 days of evaluation.

There was no statistically significant difference in Rsr
between the groups at the pre-dialysis time point; however,
at post-dialysis, values in the HD group were smaller than
in the PD group on days 1 and 2. These data are presented
in Table 3.

Patients treated by PD showed an improved oxygena-
tion index, although there was no statistically signifi-
cant difference between the time points measured (first
day =260.7 + 119, second day =252.8 +87.1 and third
day =287.3 + 88.4). Patients treated with HD also showed
an improved oxygenation index (first day =228 + 85, sec-
ond day =257 + 84 and third day=312.1+111.5); how-
ever, these improvements were statistically different on the
third day of evaluation compared to the preceding 2 days
(third day vs. first day, p =0.0001; third day vs. second
day, p=0.0268). There was no statistically significant dif-
ference between the PD and HD groups.
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Table 1 Clinical, laboratory
and respiratory characteristics
of acute kidney injury patients
at the beginning of dialysis

treatment

Table 2 Pulmonary compliance
of AKI patients treated with

daily IHD and PD

Table 3 Respiratory system
resistance of AKI patients
treated with daily IHD and PD

Hemodialysis (n=94) Peritoneal dialysis  p
(n=37)

Dialysis sessions (1) 282 111
Male sex (%) 58 (61.7) 28 (75.6) 0.26
Age (years) 60+15.8 70.8+11.6 <0.0001
Aetiology of AKI

Ischemic/septic 79 (84) 31 (82.3) 1.0

Mixed 15 (16) 6 (17.6) 1.0
Sepsis (%) 85(90.4) 28 (75.6) 0.07
Oliguria (%) 56 (59.4) 18 (48.6)5 0.2
Pneumonia (%) 17 (18) 7(18.9) 0.98
COPD (%) 8 (8.5) 4(10.8) 0.92
Mechanical ventilation time (days) 14+4 11+3 0.82
Indication for dialysis (%)

Uremia 49 (42.5) 24 (63.6) 0.21

Hypervolemia 33 (35.1) 8 (21.6) 0.22
Noradrenaline use (%) 75 (79.2) 26 (70.3) 0.32
APACHE 11 24.7+4.5 23.9+49 0.41
ATN-ISS 0.66+0.16 0.68+0.16 0.74
Pa0,/FiO, 226.8+85.3 260.7+117.1 0.16

APACHE II Acute Physiological and Chronic Health Evaluation II, ATN-ISS Acute Tubular Necrosis-Indi-
vidual Severity Score. Data expressed in absolute values, mean or median, COPD chronic obstructive pul-
monary disease

Group Day Psc Group Day Cest p
Pre-dialysis
PD 1 40+17.4 HD 1 39.1+21.3 0.8
PD 2 42.8+17.2 HD 2 395189 0.35
PD 3 48+19 HD 3 452+21 0.54
Post-dialysis
PD 1 42.8+17.2 HD 1 42+19 0.8
PD 2 48+19 HD 2 45+18.5 0.46
PD 3 57.1+18.3 HD 3 56+24.8 0.83

There was no statistically significant difference after adjusting for age, chronic obstructive pulmonary dis-
ease, pneumonia, and invasive mechanical ventilation time

PD peritoneal dialysis, HD hemodialysis, Pcs pulmonary compliance

Group Day Rsr Group Day Rsr p
Pre-dialysis
PD 1 10.4+5.1 HD 1 11.1+£6.2 0.48
PD 2 13.3+7.7 HD 2 11.3+£52 0.14
PD 3 13.5+10.3 HD 3 11.4+6 0.26
Post-dialysis
PD 1 13.3+7.7 HD 1 10.5+6.8 0.03
PD 2 13.5+10.3 HD 2 10+4 0.03
PD 3 11.1+£59 HD 3 89+4.2 0.07

There was no statistically significant difference after adjusting for age, chronic obstructive pulmonary dis-
ease, pneumonia, and invasive mechanical ventilation time

PD peritoneal dialysis, HD hemodialysis, Rsr respiratory System resistance
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Fig. 1 Fluid balance during PD and HD treatment of AKI patients
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Fig.2 Ultrafiltration during PD and HD treatment of AKI patients

In the patients treated with PD and HD, fluid balance (FB)
showed a progressive reduction, with a statistically significant
difference between time points 3 and 1 (p <0.05). In addition,
UF presented a progressive increase on the second and third
days (p <0.05). Figures 1 and 2 show the daily comparative
values of FB and UF, respectively, between the two groups.
There was no difference in FB between the two groups at day

3, while UF was different between the two groups on all three
evaluated days: UF was lower in the PD group.

IAP was evaluated only in patients treated by PD and
there was no increase during the treatment (Table 4).

After adjustment for age, the presence or absence of
chronic obstructive pulmonary disease, lung infection and
IMYV time, the results obtained for mechanical ventilation,
respiratory peak pressure and oxygenation index did not
change.

Discussion

The present study aimed to compare the effects of HD and
PD on the respiratory function of AKI patients under IMV.
The results suggest an improvement in respiratory mechan-
ics and oxygenation with no differences between the two
groups.

In relation to PD, changes in pulmonary function may
occur during and after dialysate infusion into the abdominal
cavity, mainly due to the increase in IAP. An increase in
abdominal and diaphragmatic pressure causes a change in
pleural pressure and a decrease in pulmonary compliance
and total lung capacity [24]. Bunchman et al. [25] evaluated
PD in four children with AKI under IMV and found a reduc-
tion of Psc and an increase of Rsr during dialysate infusion.
This worsening of the ventilatory mechanics was attributed
to the increase in IAP. Morris et al. [26] evaluated different
volumes of dialysate (0, 10, 20 and 30 ml/kg) and found an
increase in IAP with increasing dialysate volume; however,
this was not associated with any deleterious effects on lung
function.

Previous data from this research group suggested that
patients with PD under IMV showed improved respiratory
mechanics. IAP showed only a temporary increase in this
study, returning to values very close to basal on the third
day of dialysis, and there was no impairment in respiratory
mechanics [27]. In the present study, a progressive increase
was observed in Psc in patients treated with PD, reflecting
an improvement in ventilatory mechanics. In addition, the
Rsr remained constant and oxygenation improved in abso-
lute values. This finding may be related to the UF that was
able to significantly reduce FB during the dialytic procedure.
Clinical data suggest that positive FB and oliguria negatively
contribute to the pulmonary prognosis [28-31].

Table 4 Intra-abdominal pressure of AKI patients treated by peritoneal dialysis

Pre-dialysis Post-dialysis Pre-dialysis Post-dialysis Pre-dialysis Post-dialysis 4
1 1 2 2 3 3
IAP (mmHg) 89+44 10.1£5.3 10.2+5.9 9.6+4.2 8.8+4.9 9.2+43 >0.05
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Werner et al. [31] evaluated PD in 32 children with AKI
and found a reduction in mean airway pressure. They sug-
gested that PD may be an effective method for withdrawing
fluid and consequently reducing pulmonary oedema. Bolka-
riia et al. [32] also found improved lung function in children
with AKI after 4 days of PD.

With regards to HD, this study also showed an improve-
ment in ventilatory mechanics and oxygenation. The accu-
mulation of fluid around small airways results in premature
closure and air entrapment and leads to increased respiratory
work. These changes decrease the pulmonary compliance
and increase the airway resistance [33]. Thus, it is possi-
ble that the improvement in pulmonary function found in
the present study was a result of a reduction of pulmonary
oedema achieved through fluid withdrawal by UF during
the HD sessions.

Huang et al. [34] evaluated 14 patients with AKI and
chronic kidney disease and observed an improvement in Rsr
and dynamic complacency, which they attributed to the UF
achieved. The authors suggested that the negative balance
produced by haemodialysis could lead to a decrease in peri-
bronchial oedema. However, Stein et al. [35] suggested that
the removal of pulmonary oedema alone was not sufficient to
explain the improved lung function. Although not analysed
in the present study, it is likely that the withdrawal of inflam-
matory mediators during HD may also have an influence on
respiratory function. Interleukins 6 and 8 appear to play a
key role in the development of acute pulmonary injury, and
their molecular weight (21 and 8 kDa, respectively) is below
the cut-off of HD 48 filters.

In an experimental model of ALIL, Lu et al. [36] evaluated
the effects of continuous venovenous hemodiafiltration on
the pulmonary function of pigs and found improved ven-
tilatory mechanics and oxygenation after 6 h of dialysis.
They suggested that the improved lung function with HD
was due to the reduction of both pulmonary oedema and
inflammatory mediators (i.e., TNF-a). Likewise, in a pro-
spective clinical study, Lopes et al. [33] showed increased
Psc in patients with AKI and CKD after HD, regardless of
the reduction in blood volume. Conversely, Steinhorst et al.
[37] and Huang et al. [38] evaluated the ventilatory mechan-
ics in patients submitted to HD under IMV and did not find
any significant alterations.

There are reports in the literature that relate HD with
hypoxemia via several mechanisms, including via the activa-
tion of the complement system. The contact between blood
and the extracorporeal circuit can lead to neutrophil stimula-
tion and cause leukocyte accumulation in the lungs with con-
sequent hypoxemia [39]; however, this type of problem can
be solved with the use of more biocompatible membranes,
such as polysulfone used in this study. Hypoxemia may also
be explained by decreased alveolar ventilation in response
to the diffusion of CO, within the dialysate. As a result,

the CO, content in venous blood reduces and decreases
the central ventilatory stimulus and minute ventilation. As
alveolar ventilation decreases and O, extraction remains the
same, PaO, also decreases [40]. However, the present study
showed improved gas exchange with a significant increase
in oxygenation. These results suggest that the redistribution
of pulmonary ventilation after volume withdrawal by UF
allows the ventilation of alveoli that were previously filled
with liquids.

Another hypothesis that can be considered for the
improved respiratory mechanics in patients with CPD sub-
mitted to HD is the removal of uremic toxins by the dialysis
method. Harper et al. [40] evaluated patients with CKD and
found a significant increase in pulmonary vascular permea-
bility to water and proteins in the presence of uremic serum.
Increased vascular permeability may lead to oedema forma-
tion and this may interfere with pulmonary expansion.

When comparing lung function in patients undergoing PD
and HD, this study showed similar results. There was no dif-
ference in Psc between groups at any of the time points, pre-
or post-dialysis. Oxygenation also showed similar results
between the groups at the three time points. Rsr showed a
significant difference in the first two post-dialysis sessions,
with more satisfactory results among those who underwent
HD. However, Rsr may be influenced by punctual factors
(i.e., bronchospasm, the presence of secretions, the conden-
sation of liquids in the mechanical respirator system, etc.)
which makes it a less adequate tool than Psc for assessing
the pulmonary parenchyma.

The main limitation of this study was the inability to
randomize patients to the PD and HD groups. Even so,
the groups were similar in several clinical and laboratory
aspects.

In conclusion, the results presented here suggest that the
use of PD and daily HD in patients with AKI under IMV
improves ventilatory mechanics and oxygenation, but that
there is no difference between the groups.
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