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Abstract

Objectives To examine the feasibility, efficacy, and safety of sustained low-efficiency dialysis (SLED) in hemodynamically
unstable, critically ill children.

Methods Critically ill patients, 1-18 y old with hemodynamic instability (>1 vasoactive drugs) and severe acute kidney
injury (AKI) requiring kidney replacement therapy (KRT) in a tertiary care pediatric intensive care unit were prospectively
enrolled. Patients weighing < 8 kg or with mean arterial pressure < 5™ percentile despite > 3 vasoactive drugs, were excluded.
Patients underwent SLED until hemodynamically stable and off vasoactive drugs, or lack of need for dialysis. The primary
outcome was the proportion of patients in whom the first session of SLED was initiated within 12 h of its indication and
completed without premature (< 6 h) termination. Efficacy was estimated by ultrafiltration, urea reduction ratio (URR), and
equilibrated Kt/V. Other outcomes included: changes in hemodynamic scores, circuit clotting, adverse events, and changes
in indices on point-of-care ultrasonography and echocardiography.

Results Between November 2018 and March 2020, 18 patients with median age 8.6 y and vasopressor dependency index
of 83.2, underwent 41 sessions of SLED. In 16 patients, SLED was feasible within 12 h of indication. No session was ter-
minated prematurely. Ultrafiltration achieved was 4.0 +2.2 mL/kg/h, while URR was 57.7 +16.2% and eKt/V 1.17 +0.56.
Hemodynamic scores did not change significantly. Asymptomatic hypokalemia was the chief adverse effect. Sessions were
associated with a significant improvement in indices on ultrasound and left ventricular function. Fourteen patients died.
Conclusions SLED is feasible, safe, and effective in enabling KRT in hemodynamically unstable children with severe AKI.
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Introduction

Acute kidney injury (AKI) affects 30%—40% of patients
admitted to the pediatric intensive care units (ICU) and is
associated with extended hospital stay and high mortality
[1, 2]. Despite consensus on the indications, the optimal
modality for kidney replacement therapy (KRT) in criti-
cally ill patients remains unclear. Sustained low-efficiency
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dialysis (SLED) is a form of prolonged intermittent renal
replacement therapy (PIRRT) that combines the advantages
of intermittent hemodialysis and continuous KRT [3]. Ret-
rospective pediatric studies and clinical trials in adults sug-
gest that SLED is useful and feasible in critically ill patients
[4-9]. The experience on SLED in children is limited to three
retrospective reports on 152 patients from India and Taiwan
[4-6]. The feasibility and efficacy of SLED in providing KRT
to critically ill pediatric patients with severe AKI was pro-
spectively evaluated using objective parameters [10].

Material and Methods

This prospective interventional pilot study was conducted
at a single pediatric ICU between November 2018 and
March 2020. All critically ill patients in whom dialysis
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was indicated, were consecutively enrolled. The study pro-
tocol was approved by the Institute Ethics Committee. The
study report complies with the STROBE (strengthening
the reporting of observational studies in epidemiology)
statement. Parents or legally authorized representatives
provided written informed consent. All patients continued
to receive standard care, including antibiotics and nutri-
tion, as per unit protocols.

Consecutive patients, 1-18 y old, admitted to the pedi-
atric ICU and with hemodynamic instability, were eligible
if they developed severe AKI (Kidney Disease Improv-
ing Global Outcomes, KDIGO stages 2—3) that required
dialysis [10]. Hemodynamic instability was defined by
the requirement of > 1 vasoactive drugs (dopamine or
dobutamine > 10 pg/kg/min, adrenaline or noradrena-
line > 0.1 pg/kg/min, or milrinone > 0.25 pg/kg/min) to
maintain mean arterial pressure at > 5" percentile and
adequate tissue perfusion (capillary refill time <2 s) [11,
12]. Indications for dialysis included oliguria with fluid
overload > 10% or anticipated worsening by > 5%, persis-
tent or worsening metabolic acidosis (standard base defi-
cit>5 mmol/L), or refractory or significant hyperkalemia
(serum potassium > 5.5 mEq/L) [13, 14]. Reasons for inel-
igibility were body weight <8 kg, hemodynamic instabil-
ity despite use of > 3 vasoactive drugs in maximum doses,
prior enrollment in the study, anticipated delay of > 12 h
in initiating KRT, or physician’s decision to not escalate
therapy.

Following written informed consent, eligible children
underwent SLED, as described previously and in Supple-
mentary Table S1 [3, 15]. Briefly, SLED was performed
using a low-flux hemodialyzer for at least 6 h, at a blood
flow rate of 3—-5 mL/kg/min, and dialysate flow rate up to
twice the blood flow rate, or the minimum possible with
the available dialysis machine, Fresenius 4008S ARrt
Plus [3, 15]. The circuit was primed whenever extracor-
poreal volume exceeded 10% of blood volume and/or for
anticipated hemodynamic worsening. Packed red blood
cells were used for priming when hematocrit was <21%
[3]. Unfractionated heparin or saline flushes were used to
maintain circuit patency. SLED was performed daily or on
alternate days at physician’s discretion, with ultrafiltration
rate <0.2 mL/kg/min [16]. SLED was discontinued once
any of the following endpoints was achieved: (i) clinical
improvement enabling hemodynamic stability off vasoac-
tive drugs, such that intermittent hemodialysis was con-
sidered safe and feasible; (ii) recovery from AKI such that
dialysis was no longer indicated; (iii) clinical deterioration
meriting switch to continuous KRT or therapy discontinu-
ation; or (iv) death. While on SLED, doses of medications
were modified assuming an estimated glomerular filtration
rate (e€GFR) of 10-50 mL/min per 1.73 m? [17, 18].

The primary outcome was the proportion of patients who
underwent the first SLED session within 12 h of its indica-
tion without premature termination (session length <6 h).
Secondary outcomes, assessed during each session, were: (i)
efficacy, as estimated by net ultrafiltration, urea reduction ratio,
and equilibrated Kt/V (eKt/V) (Supplementary Table S2); (ii)
hemodynamic instability, including changes in vasopressor
dependency index, vasoactive—inotropic score and inotrope
score (Supplementary Table S2), and occurrence of hypoten-
sion requiring discontinuation of ultrafiltration, saline bolus or
increase in inotrope/vasopressor dose; (iii) metabolic impact,
including serum potassium < 3.5 mEq/L or>5.5 mEq/L, met-
abolic acidosis or need for phosphate supplementation; (iv)
occurrence of circuit clotting; and (v) changes in inferior vena
cava (IVC) diameter and distensibility, B-lines in lung fields,
and left ventricle ejection fraction on point-of-care ultrasonog-
raphy [19-23]. Dialysis adequacy was defined by single pool
Kt/V (spKt/V) of > 1.2 per session, weekly eKt/V > 3.9, and/or
weekly spKt/V of >2 [3, 24, 25]. Clinical outcomes, assessed
until follow-up at discharge or death, included switch to alter-
native KRT modality; renal recovery; duration of dialysis;
vasopressor use and mechanical ventilation; length of ICU
and hospital stay; and mortality at days 7 and 14.

Retrospective series suggest that 10% of sessions of
SLED might require premature termination [5, 6]. For an
absolute deviation of 10% and 95% confidence level, 35
patients were required to assess the feasibility of perform-
ing SLED without premature termination. This pilot study
intended to enroll at least 15 patients, thus providing 80%
confidence in the estimate.

Information was analyzed using Stata version 14.0 (Stata-
Corp, College Station, TX) and standard statistical tests.
Standard deviation scores for anthropometric measures were
calculated using WHO AnthroPlus [26]. Data were sum-
marized as proportions (95% confidence interval, CI) and
mean + standard deviation or median (interquartile range,
IQR). Kaplan—-Meier survival curves estimated time on KRT
and patient survival. Univariate analysis was conducted to
determine predictors of dialysis adequacy (eKt/V and net
ultrafiltration) and mortality.

Results

During November 2018 to March 2020, KRT was indicated
for 47 episodes of severe AKI in 42 critically ill patients.
Twenty-nine episodes were excluded, chiefly for hemo-
dynamic instability despite maximal vasoactive support
(n=14; 48%) (Fig. 1). Eighteen patients were enrolled and
underwent 41 sessions of SLED over median (IQR) 2 (2, 4)
d. Table 1 shows that the enrolled patients had severe illness,
with uniform need for vasoactive drugs (median vasopressor
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dependency index of 83.2) and predicted mortality of
24.8%. Except 1, all patients were mechanically ventilated;
16 patients had coagulopathy. Except for 1 patient with
hemolytic uremic syndrome, AKI was presumably due to
acute tubular necrosis, usually associated with sepsis. Fluid
overload exceeded 10% in 7 patients and was anticipated to
worsen in 6 others. Eight patients were switched to SLED
from an alternative modality, following (i) hemodynamic
worsening on intermittent hemodialysis (n=4); (ii) hemo-
dynamic improvement while on continuous KRT (n=1), and
(iii) persistent fluid overload or azotemia despite peritoneal
dialysis (n=3). Seven patients underwent one session of
SLED, while 11 patients underwent two or more sessions.
SLED was conducted using temporary vascular access
into the internal jugular (n=11) or femoral (n="7) vein.
Twenty-three (56%) sessions were performed using pedi-
atric blood lines (Fresenius AV set, FMCPaed/Baby R;
volume 56 mL). Thirty-nine (95%) sessions were primed
with albumin (69.2%) or packed red cells (28.2%). Blood

and dialysate flow rates were 3.7+ 0.6 mL/kg/min and
241+49.9 mL (12.6 +6.1 mL/kg) per minute, respectively.
Three sessions performed without anticoagulation experi-
enced circuit clots. Two of these sessions required circuit
change; no session was terminated prematurely for clotting.

Sixteen of the 18 eligible patients were initiated on SLED
within 12 h of its indication. Two patients underwent SLED
later than 12 h. The median (IQR) time to initiate SLED
from its indication was 4.7 (4, 5.5) h. The mean session
length was 6.45 +0.68 h; none of the sessions were termi-
nated before 6 h. Thus, SLED was feasible in 16 (89%; 95%
CI 67%-97%) cases without premature termination.

Table 2 details the predefined objective measurements
of efficacy and safety. The mean ultrafiltration achieved
was 26 + 15 mL/kg. While hemodynamic parameters did
not change significantly, 5 (12.2%; 95% CI 5.3%-25.5%)
sessions were associated with reversible hypotension.
The mean eKt/V was 1.17 +£0.56, which met adequacy
estimates of spKt/V of > 1.2 per session in 18 (43.9%;

Consecutive patients admitted to the PICU,
fulfilling inclusion criteria, N=47

Excluded, n=29

Hemodynamic instability despite >3 vasopressors, n=14
Expected inability to initiate KRT within next 12 h, n=5%*
Body weight <8 kg, n=>5

Previously enrolled, n=4

Already on CKRT for hyperammonemia, n=1

; Number of sessions of SLED performed, n=41 |

E SLED conducted timely without termination, n=16 (88.9%) :

Two patients underwent SLED after 12-h-delay

i A !

v

Transitioned to intermittent
hemodialysis, n=10

L L

V

Electively switch to
CKRT, n=2

{

| el il om SUED), 1

|

Died while on intermittent

| Renal recovery, n=6 |
hemodialysis, n=4

Four survived Two died

| Renal recovery, n=1 |

Died while on

CKRT, n=1

Died

Fig.1 Study flow. *Due to inability to achieve vascular access (n=3) or nonavailability of hemodialysis nursing personnel or machine (n=2).
CKRT Continuous kidney replacement therapy, PICU Pediatric intensive care unit, SLED Sustained low-efficiency dialysis
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Table 1 Baseline patient characteristics®

Characteristic N=18
Boys, n (%) 13 (72)
Age, years 8.6 (6.3, 13.7)
Body surface area, m? 0.85 (0.63, 1.14)
Sepsis, n (%) 17 (94)
Mechanical ventilation, n (%) 17 (94)
Predicted mortality, %P0 24.8 (11.1,37)
Number of inotropes at enrolment 2(1,3)
Blood investigations
Hemoglobin, g/dL. 9(8.1,9.8)
Serum creatinine, mg/dL 1.8 (1, 3.6)
Estimated GFR, mL/min/1.73 m? 31.4 (15.0, 53.1)
Lactate, mmol/L 3.2(1.3,4.9)
Standard base excess (mmol/L) -5.9(-11.9,-2.6)
AKI stage

1€ 1(5.6)

2 9 (50)

3 8 (44.4)
Fluid overload, % 7.14.7,11)
Prior kidney replacement therapy, n (%) 8 (44.4)
Indications for kidney replacement therapy
Fluid overload, n (%) 11 (61)
Electrolyte imbalance, n (%) 4(22)
Acidosis, n (%) 3(17)

Values are median (IQR) and n (%)

See also Supplementary digital content 3 for additional details
®Based on Pediatric Index of Mortality (PIM)-3 score at PICU admis-

sion

“One patient underwent dialysis for hyperammonemia

AKI Acute kidney injury, GFR Glomerular filtration rate

Table 2 Efficacy and safety of
sustained low-efficiency dialysis
(41 sessions)

29.9%—-59%) sessions; weekly spKt/V of >2 in all (100%;
82.4%—-100%) patients; and weekly eKt/V of >3.9 in 7
(38.9%; 20.3%—61.3%) patients.

Metabolic parameters: One (2.4%) and 7 (17%) sessions
were associated with new-onset metabolic acidosis and
hypokalemia, respectively (Table 2). These abnormalities
persisted in 12 (29.3%; 17.6%—44.5%) sessions each. Levels
of blood lactate and standard base deficit did not change
significantly.

Point-of-care ultrasonography: IVC parameters were not
assessed in seven (17%) sessions in 3 patients due to IVC
stent block, and high-frequency oscillatory ventilation and
prone ventilation in 1 patient each. Left ventricle ejection
fraction and B lines were not assessed in the patient on prone
ventilation. Following SLED sessions, there were significant
improvements in IVC diameter [median change 0.4 (IQR —2.3,
0.4) mm], IVC distensibility [6.1 (—6.6, 19)%] and left ven-
tricle ejection fraction [7 (0, 16)%]; B lines did not alter
significantly. Changes in [IVC parameters and left ventricular
function correlated with net ultrafiltration (Table 3).

Fourteen patients died, including 5 deaths within 48 h
of enrollment and 6 while continued on SLED (Table 4).
Ten patients were transitioned to intermittent hemodialysis.
Two patients were electively transitioned to continuous KRT
after one session each of SLED, at physician’s discretion,
one for intermittent hypotension, and another for hyperam-
monemia associated with an inborn error of metabolism;
both patients died subsequently. Seven patients discontinued
KRT at median 11 (IQR 5, 30) d (Fig. 1, Fig. S1).

All 22 critically ill patients who were excluded (Fig. 1)
were on mechanical ventilation and had sepsis with multior-
gan dysfunction. Seven patients died before dialysis initiation,

Objective

Value

Net ultrafiltration per session, mL/kg (mL/kg/h)

Solute clearance
Urea reduction ratio, %

eKt/V (spKt/V) per session
Predicted weekly eKt/V (spKt/V)*

Changes in hemodynamic parameters

Inotrope score
Vasoactive inotropic score

Vasopressor dependency index

Episode(s) with hypotension, n [% (95% confidence interval)]

26.1 +15.0(4.0+2.2)

57.7+16.2

1.17 £ 0.56 (1.27 + 0.60)
3.49+0.93 (3.60 + 0.94)

0(0,0)°

0 (=6, 0)°
-3.1(-16.8,7)°
5[12.2(5.3,25.5)]

Occurrence of dyselectrolytemia or acidosis at end of session, n/N of sessions (%)

Persistent/new onset hypokalemia (serum K™ <3.5 mEq/L)
Persistent/new onset metabolic acidosis

Hypophosphatemia requiring supplementation

Sessions with circuit clotting

12 (29.3)/7 (17)
12 (29.3)/1 (2.4)
1(2.4)
3(7.3)

Continuous variables are presented as mean + standard deviation or median (IQR) and categorical as n (%)
*Predicted from first session Kt/V (20)
®p value for change from baseline > 0.05
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Table 3 Inferior vena cava

Parameter Before session After session p value of change Correlation with
(IVC) parameters, left ultrafiltration?; p
ventricular (LV) function and
lung B-lines on point-of-care IVC diameter, cm” 1.0 (0.64, 1.1) 0.74 (0.59, 1.1) 0.01 0.45; 0.007
ultrasonography IVC distensibility, %" 14.1(7.3,283)  18.6(12.5,38.7)  0.05 0.36; 0.035

LV ejection fraction® 46 (33, 60) 55 (48, 65) 0.0001 0.35; 0.029

Presence of B lines, n (%)° 25 (67.6) 22 (59.5) 0.50 -

Continuous variables are presented as median (IQR) and categorical as n (%)

#Spearman rho
b Assessed in 34 sessions

Assessed in 39 sessions

10 underwent continuous KRT, 2 each received hemodialysis
and peritoneal dialysis, and 1 patient weighing < 8 kg under-
went SLED. Twenty-one of these patients died.

Survivors differed from those that died after initiating
SLED in being younger (median 5.5 y, IQR 2.5-7.5 y, ver-
sus 9.6 y, IQR 7.2-13.8 y; p=0.034). Survivors also had
higher ultrafiltration volumes (median 36.8 mL/kg, IQR
30.9-42.3 mL/kg, versus 15.5 mL/kg, IQR 10.2-19.3 mL/
kg; p=0.011) and higher eKt/V for the first session (1.71,
1.36-1.99, versus 1.00, 0.81-1.51; p=0.044). Based on
receiver operating characteristic curves, the threshold value
determining survival was 8.4 y for age, 25 mL/kg body
weight for ultrafiltration, and 1.63 for eKt/V; however,
ultrafiltration was the only significant predictor of sur-
vival (Supplementary Table S3, Fig S2). Dialysis adequacy
(eKt/V) was related to session length (coefficient 0.37; 95%
CI0.14-0.61; p=0.003). Ultrafiltration was determined by
blood and dialysate flow rates and dialyzer size (Supplemen-
tary Table S3).

Discussion

This prospective study on 18 hemodynamically unstable,
critically ill patients with severe AKI showed that SLED
was feasible in 89% patients within a reasonable time frame.
Circuit clotting did not lead to premature discontinuation,
despite no anticoagulation in almost half the sessions.
Objective parameters demonstrated that the procedure was
safe and effective. The illness was severe, as indicated by the
near-uniform need for mechanical ventilation and vasoac-
tive agents, comorbidities, and high predicted mortality. In
contrast, prior retrospective pediatric series reported fewer
patients on vasopressors (43%—70%) and mechanical ventila-
tion (36%—-84%), and lower predicted mortality (15%—25%)
[4-6]. Compared to previous pediatric series, the patients
enrolled in the present study were younger (8 y versus 9-15
y) with lower mean weight (22 kg versus 31-54 kg) [4-6].
This work extends the feasibility of SLED to younger chil-
dren with more severe illness than reported previously.

Table 4 Outcomes related to
clinical course

Outcome variable N=18
Sessions of SLED 2(1,3)
Duration of SLED, days 22,4
Duration on KRT after initiating SLED, days 6.5(2,21)
Renal recovery 7(38.9)
eGFR (at dialysis independence or death), mL/min per 1.73 m? 34.1 (24.4,52.8)
Duration of mechanical ventilation, days 9.5(7,22)
Duration of vasopressor/inotrope use, days 3(2,6)
Overall mortality 14 (77.8)
Mortality at 48 h 5(27.8)
Mortality at 7 d 7(38.9)
Mortality at 14 d 8 (44.4)
Duration of PICU stay, days 8.5(7,15)
Duration of hospital stay, days 21.5 (9, 28)
Maximum multiorgan dysfunction during PICU stay
PELOD?2 score day 3 7.5(6,11)
PELOD?2 score day 7 6 (5, 14)
PELOD?2 score day 14 4(3,5)

Values are presented as median (interquartile range) or n (%)

eGFR Estimated glomerular filtration rate, KRT Kidney replacement therapy, PELOD 2 Pediatric logistic
organ dysfunction update 2, PICU Pediatric intensive care unit, SLED Sustained low efficiency dialysis
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Given the lower cost and complexity and intermittent
nature of therapy, SLED has emerged as an alternative to
continuous KRT in adult ICU [27, 28]. However, the expe-
rience on SLED in children is limited to three reports on
152 patients [4—6]. Administering low-efficiency dialysis in
children smaller than 20 kg is often limited by the minimum
settings for dialysate flow rates (200-300 mL/min) on hemo-
dialysis machines conventionally designed for adults. While
this was an important limitation of the present study, previous
reports lack precise details on rates delivered in small chil-
dren [5, 6, 29]. Barring the dialysate flow rates, the authors’
prescription conformed to suggestions on pediatric PIRRT
in recent clinical practice guidelines [3]. Other challenges
in prescription included the need to prime circuits and the
inability to use anticoagulants in patients with coagulopathy.

Similar to previous reports, the chief indication for dialy-
sis in the present study was current or anticipated fluid over-
load [5, 6], known to correlate strongly with mortality [30,
31]. In contrast to chronic hemodialysis, where ultrafiltration
often exceeds 10 mL/kg/h, fluid removal in hemodynami-
cally unstable patients with AKI is limited to ~4-5 mL/kg/h
despite fluid overload, necessitating prolonged frequent ses-
sions [15]. While the optimal target remains unclear, the
present findings suggest that ultrafiltration at >4 mL/kg/h
is well tolerated and predicts survival.

Since hemodialysis in AKI may be underdosed, KDIGO
recommends frequent assessment of dialysis adequacy [25].
However, interpretation of Kt/V in critically ill patients is
limited by the unpredictable volume of distribution of urea
and catabolic state. By accounting for urea regeneration and
rebound following dialysis, eKt/V might estimate urea clear-
ance more accurately than spKt/V in such patients. Previous
series on pediatric SLED have chiefly reported pre- and post-
dialysis urea, pH and bicarbonate, and do not inform about
Kt/V or the timing of postdialysis assessment [4—6]. Solute
clearances were assessed as recommended by the PIRRT and
KDIGO expert groups, and estimated weekly Kt/V assuming
five sessions a week, based on considerations of feasibility
and requirements of critically ill patients [3, 24, 25]. The
targets for solute clearance in critically ill patients are low,
reflecting the concerns of hypokalemia, hypophosphatemia,
nutrients losses, and underdosing of antimicrobials and vaso-
pressors [25, 32]. All the present patients achieved Kt/V >2,
as recommended for pediatric PIRRT [3]. Results of uni-
variate regression (Supplementary Table S3) suggest that
prolonged SLED achieves higher solute clearance. Dialysis
adequacy appeared to relate to patient survival; multivariable
analysis was not performed due to the small study size.

Studies report hemodynamic instability in 40%—60% ses-
sions of SLED and up to 50% of those on continuous KRT [33].
Similar to other pediatric reports, 12% of SLED sessions were
associated with hypotension [5, 6]. Past studies have reported
hemodynamic instability using heterogeneous definitions. All

except one study on adults lacked objective assessment, limiting
the interpretation and comparability of safety among dialytic
modalities [21]. The safety of SLED in sick patients was con-
firmed using arterial blood pressure monitoring and objective
scores to document vasoactive drug requirements.

This prospective study confirms that SLED is feasible
and safe in critically ill pediatric patients. The interpretation
and impact of the present findings are limited by the small
study size, high mortality, single-center design, and lack of
comparator group. Continued performance of daily SLED
was limited by mortality, often within days of enrolling,
which was not unexpected in patients with high predicted
mortality at admission. The inability to lower dialysate flow
rates appropriately in smaller children highlights the chal-
lenges in prescribing SLED in young patients at the centers
lacking appropriate hemodialysis equipment. The strengths
of this report include a prospective design, inclusion of a
homogenous group of critically ill hemodynamically unsta-
ble patients, and the use of objective criteria to assess dialy-
sis adequacy, hemodynamic parameters, intravascular fluid
compartment, and cardiac function.

Conclusion

This prospective pilot study indicates the feasibility of SLED
in critically ill pediatric patients with severe AKI. This pro-
cedure offers a safe modality of KRT in patients with mul-
tiorgan dysfunction who require mechanical ventilation and/
or vasopressor support, and have high predicted mortality.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12098-022-04214-z.
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