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Abstract
Background Hemodialysis (HD) dose targets and ultrafiltration rate (UFR) limits for pediatric patients on chronic HD are not
known and are derived from adults (spKt/V>1.4 and <13 ml/kg/h). We aimed to characterize how delivered HD dose and UFR
are associated with survival in a large cohort of patients who started HD in childhood.
Methods Retrospective analysis on a cohort of patients <30 years, on chronic HD since childhood (<19 years), having received
thrice-weekly HD 2004–2016 in outpatient DaVita centers. Outcome: Survival while remaining on HD. Predictors: (I) primary
analysis: mean delivered dialysis dose stratified as spKt/V ≤1.4/1.4–1.6/>1.6 (Kaplan–Meier analysis), (II) secondary analyses:
UFR and alternative dialysis adequacy measures [eKt/V, body-surface normalized Kt/BSA] on continuous scale (Weibull
regression model).
Results A total of 1780 patients were included (age at the start of HD: 0–12y: n=321, >12–18y: n=1459; median spKt/V=1.55,
eKt/V=1.31, Kt/BSA=31.2 L/m2, UFR=10.6 mL/kg/h). (I) spKt/V<1.4 was associated with lower survival compared to
spKt/V>1.4–1.6 (P<0.001, log-rank test), and spKt/V>1.6 (P<0.001), with 10-year survival of 69.3% (59.4–80.9%) versus
83.0% (76.8–89.8%) and 84.0% (79.6–88.5%), respectively. (II) Kt/BSA was a better predictor of survival than spKt/V or
eKt/V. UFR was additionally associated with survival (P<0.001), with increased mortality <10/>18 mL/kg/h. Associations did
not alter significantly following adjustment for demographic characteristics (age, etiology of kidney disease, and ethnicity).
Conclusions Our results suggest usefulness of targeting Kt/BSA>30 L/m2 for best long-term outcomes, corresponding to
spKt/V>1.4 (>12 years) and >1.6 (<12 years). In contrast to adults, higher UFR of 10–18 ml/kg/h was not associated with
greater mortality in this population.
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Introduction

Hemodialysis (HD) dose targets for adults have been defined in
terms of small solute clearance, currently considered the best
measure of HD adequacy [1]. It is measured using urea kinetics
during HD as reference solute, with a target of spKt/V > 1.4 and

minimum of 1.2 defined (with sp = single pool urea distribution
model, K = urea clearance, t = treatment time, V = urea distribu-
tion volume [2]). Studies in adults have shown a correlation
between low spKt/V and increased mortality [3, 4], while higher
than target spKt/V has not been associated with improved sur-
vival in adults [5]. Concerning fluid removal during HD, ultra-
filtration rates (UFR) > 10–13 mL/kg/h (> 1.0–1.3% per kg per
hour) have been associated with mortality in adults [6].

The significance of these findings remains unclear for chil-
dren on chronic HD, as small patient numbers limit systematic
clinical investigations in this population. Small solute clear-
ance targets are generally adopted from adults in the absence
of pediatric studies [7]. However, children may require higher
spKt/V targets, due to higher urea rebound [8, 9] and a higher
ratio of body surface area (BSA) to body weight compared to
adults, linked to higher metabolic rate. Hence, alternative

* Verena Gotta
verena.gotta@ukbb.ch

1 Pediatric Pharmacology and Pharmacometrics, University of Basel
Children’s Hospital, Spitalstrasse 33, 4031 Basel, Switzerland

2 Pediatric Nephrology, Stanford University School of Medicine,
Lucile Packard Children’s Hospital, Stanford, CA, USA

3 Certara, Princeton, NJ, USA

https://doi.org/10.1007/s00467-021-04972-6

/ Published online: 2 March 2021

Pediatric Nephrology (2021) 36:2421–2432

http://crossmark.crossref.org/dialog/?doi=10.1007/s00467-021-04972-6&domain=pdf
http://orcid.org/0000-0001-6254-5207
mailto:verena.gotta@ukbb.ch


metrics of urea clearance may be favored, such as equilibrated
eKt/V (eKt/V) or BSA-normalized Kt/BSA [10–13]. While
well investigated in adults, the UFR effect on pediatric out-
comes has not yet been studied despite concerns that high
UFR increases the risk of cardiovascular mortality [6]. High
UFR is not uncommon in children [14] and is driven by nu-
tritional needs of growing pediatric HD patients. This may be
worrisome [15] given that prescribed UFR is closely related to
interdialytic weight gain (IDWG), which has been associated
with left ventricular hypertrophy at IDWG > 4% [16] and pre-
HD hypertension [17] in children. Yet, there are no studies of
the UFR effect on outcomes in this population. In the absence
of outcome data, fluid removal in children has been proposed
to be limited to 1.5±0.5% of body weight per hour (max. 5%
during one session) [18].

Here we report the first study investigating the relationship
between HD dose, UFR, and survival in a large pediatric co-
hort on thrice-weekly HD [19]. Our objectives were to evalu-
ate (I) the association between spKt/V (stratified as low: ≤1.4,
target: 1.4–1.6, high: >1.6) and survival while remaining on
HD, (II) to compare the association of different small solute
clearance metrics (spKt/V, eKt/V, Kt/BSA) with survival on a
continuous scale, and (III) to evaluate the effect of fluid bal-
ance indices (UFR and associated IDWG) on survival.

Methods

Study design and participants

Data used for this retrospective analysis originate from an
observational cohort of patients who started chronic HD in
childhood (≤ 19 years), with a maximum follow-up until
< 30 years of age, having received standardized thrice-
weekly HD between 05/2004 and 03/2016 in outpatient
DaVita Kidney Care (DaVita Inc., Denver, CO, USA) dialysis
centers [9, 14, 19]. The scientific use of the deidentified stan-
dardized electronic medical records was approved by DaVita
(DaVita Clinical Research®,Minneapolis, MN); IRB approv-
al was not required since retrospective analysis was performed
on the deidentified dataset.

Variables and measurement

Age at the start of dialysis was calculated from treatment and
first dialysis date (age in years recorded as integers). Further
recorded baseline demographic factors potentially associated
with mortality in stage 5 chronic kidney disease (CKD 5)
patients [20, 21] included gender, etiology of kidney disease
(e.g., secondary glomerulonephritis), and comorbidities (e.g.,
diabetes and connective tissue disease).

Dialysis dose in terms of spKt/V and eKt/V was
calculated for each recorded treatment [2, 22]. Three

alternative dialysis adequacy markers normalized by
weight0.67, weight0.75, and BSA, respectively (Kt/W0.67,
Kt/W0.75, Kt/BSA), were calculated [13]:

Kt=W0:67 ¼ spKt=V ⋅ VTBW=W
0:67

Kt=BSA ¼ spKt=V ⋅ VTBW=BSA

where VTBW = total body water (L) according to Cheek [23,
24] or Watson [25], respectively (assumed to equal urea dis-
tribution volume V), BSA = BSA according toMosteller [26],
and W = target dry weight (kg).

Fluid removal in terms of UFR (mL/kg/h) and total ultra-
filtration (UF, % per kg dry weight per session) was derived
for each treatment from pre- and postdialytic weight and treat-
ment duration. Interdialytic weight gain (IDWG) was derived
from post- and predialytic weight difference of subsequent
treatments and was expressed as %increase per kg dry weight
over 2 days [17].

For each patient, mean individual values of spKt/V, eKt/V,
Kt/W0.67, Kt/W0.75, Kt/BSA, UFR, UF, and IDWG during
follow-up on HD were calculated for further analysis;
no minimum repeated observation number was defined
for this calculation.

Primary outcome

The primary outcome of interest was overall survival while
remaining on HD (death from any cause) stratified by dialysis
dose (spKt/V ≤ 1.4 / 1.4–1.6 / >1.6). As supplementary anal-
yses, the same outcome was investigated within two age-
groups at the start of dialysis (0–12 / > 12–19 years), and
relative survival (hazard ratio) was investigated adjusted
for age and other potentially relevant demographic char-
acteristics (gender, etiology of kidney disease, ethnicity,
and comorbidities), considering potential interactions
with age at the start of HD.

Secondary outcome

The secondary outcome of interest was absolute survival
while remaining on HD as a continuous function of dialysis
dose (measured as spKt/V, eKt/V, Kt/W0.67, Kt/W0.75, or Kt/
BSA), fluid balance (UFR, UF, or IDWG), and other poten-
tially relevant demographic characteristics, considering poten-
tial interactions with age at the start of HD.

Statistical methods

Given the low number of patients with follow-up > 15 years
and the maximal age during follow-up of 29 years (resulting in
a maximal follow-up period of 10 years in patients starting
dialysis with 19 years), later observations were censored at 15
years. The primary outcome analysis included all patients for
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whom duration of follow-up on HD was recorded with infor-
mation on spKt/V and age, whereas supplementary and sec-
ondary outcome analyses were performed on complete-case
data with respect to further potentially relevant demographic
characteristics. Patients lost to follow-up (e.g., due to trans-
plantation, ongoing HD treatments > 03/2016 (date of data
extraction), discharge to other facility (details Table 1)) were
censored at their last observation.

The primary outcome was investigated using nonparamet-
ric methods (Kaplan–Meier). The log-rank test was used to
compare survival on HD between subgroups where Kaplan–
Meier curves suggested a difference between any two of the
spKt/V groups. Survival probabilities were derived with 95%
confidence intervals at 5, 10, and 15 years. In a supplementary
analysis of the primary outcome, Kaplan–Meier curves were
generated for age groups < / > 12 years at the start of HD, and
relative survival for the spkt/V strata was evaluated by fitting
both the univariable and multivariable parametric Weibull
proportional hazards models. Multivariable models were ad-
justed for potential confounders (demographic characteris-
tics). The appropriateness of the Weibull distribution for the
baseline hazard function was evaluated by comparing the pre-
dicted survival curve of the null model (without covariates)
with the corresponding nonparametric Kaplan–Meier survival
curve. The proportional hazard assumption was verified visu-
ally, using the log(time) vs. log(-log(survival(time)) plot and
the Schoenfeld residuals.

Absolute survival as a continuous function of dialysis ade-
quacy measures and fluid balance indices (secondary out-
comes) was investigated by fitting a Weibull accelerated fail-
ure time model. Covariates were included in the adjusted
model by considering linear, log-linear, quadratic, and cubic
relationships. The best covariate relationship was chosen
based on visual agreement of the corresponding predicted
log hazard function with the one predicted using a smoothing
spline, the Akaike information criterion, and P value from the
likelihood ratio test (LRT) compared to the null model.
Variables with a P value < 0.05 (LRT) in univariable analyses
were further considered for the multivariable adjusted analy-
sis. Among the variables referring to a metric of dialysis ade-
quacy (spKt/V, eKt/V, Kt/W0.67, Kt/W0.75, Kt/BSA) or fluid
balance (UFR, UF, IDWG), only the variable with the lowest
P value was used for forward selection and backward deletion
considering further demographic baseline characteristics.

Based on initial findings, the following post hoc subgroup
and sensitivity analyses were performed. For the primary out-
come: (a) censoring all patients at 19 years of age, (b) stratifi-
cation of age group ≤ 12 years into < 6 years and 6–12 years at
the start of HD; and (c) piece-wise analysis the first 2 years
versus ≥ 2 years to investigate the potential magnitude of time-
varying hazard (visual investigation suggested potential
nonproportionality within the first 2–3 years, although the test
for proportional hazards indicated no violation of this

assumption). With regard to the secondary outcome: (a) cen-
soring all patients at 19 years of age, (b) for covariates retained
in the multivariate model, Kaplan–Meier curves were used as
a goodness-of-fit comparison, stratifying the variable of inter-
est into quartiles. (c) The correlation between Kt/BSA and
spKt/V was investigated stratified by gender and age, to de-
termine Kt/BSA values that would correspond to target spKt/
V of 1.4–1.6 associated with good survival in adolescent pa-
tients. (d) Correlations between disease-related mortality risk
factors [27] with investigated dialysis adequacy measures and
fluid balance indices were investigated by the Spearman rank
correlation coefficient.

Throughout a P value of less than 0.05 was considered
statistically significant. All analyses, figures, and statistics
were generated in R version 3.6.2.

Results

Patients and available predictor variables

From the 1852 patients with in total 53,903 treatment records
with spKt/V evaluation (having mainly been performed
monthly, median: 16, IQR: 5–43 per patient) previously re-
ported [19], a total of 1780 patients (52,083 HD treatment
records with spKt/V evaluation) had their duration and fol-
low-up on HD documented for the primary analysis (n
= 321 having started HD at 0–12 years of age, n =
1459 at > 12–19 years). Among these, 1493 (83.9%)
had complete baseline characteristic data and were in-
cluded in adjusted analyses (Table 1).

Primary outcome

The Kaplan–Meier survival curve while remaining on HD
stratified by mean delivered spKt/V is shown in Fig. 1 (pri-
mary endpoint). Survival was significantly lower in patients
with low spKt/V ≤ 1.4 compared to patients with target spKt/
V > 1.4–1.6 (log-rank test P < 0.001) and compared with high
spKt/V > 1.6 (P = 0.002) but did not differ between patients
treated with target versus high spKt/V (P = 0.5). Survival
estimates at 5–15 years are provided in Table 2.

Within the group of patients starting HD at 0–12 years of
age (Fig. 2A), lower survival was suggested with target spKt/
V > 1.4–1.6 compared to high spKt/V > 1.6, but this was not
statistically significant (P = 0.2). No further comparisons were
made with low spKt/V < 1.4 due to small patient numbers. For
the group of patients starting HD > 12–19 years (Fig. 2B), low
spKt/V < 1.4 was associated with lower survival compared to
target spKt/V > 1.4–1.6 (P < 0.001) and high spKtV > 1.6 (P =
0.004). There was no significant difference between high
spKtV > 1.6 and target spKt/V > 1.4–1.6 (P = 0.09). The
subgroup analysis performed within age group ≤ 12 years
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did not show statistical significance of mean spKt/V within
the subgroups < 6 years and 6–12 years at the start of HD
(Online Resource Fig. S1).

A Weibull model captured the form of the baseline hazard
well, with 5-, 10- and 15-year predictions within the 95%
confidence interval of the Kaplan–Meier curve (red line,
Online Resource Fig. S2A). The corresponding estimated
scale and shape parameters of the baseline hazard function
were σ = 35.4 years (time when predicted survival = 40%)
and α = 1.23 (indicating with α > 1 increasing hazard of death
over time). The estimated hazard ratio (HR) from the unad-
justed Weibull proportional hazards model indicated an in-
creased risk for low versus target spKt/V (HR = 2.3, 95%CI:
[1.4–3.6], P < 0.001), but there was no discernable difference
between target and high spKt/V (HR = 1.05, [0.69–1.61], P =
0.804). These estimates did not alter significantly (HR = 2.3

for low versus target spKt/V, P < 0.001; HR = 1.2 for high
versus target spKt/V, P = 0.44) following adjustment for age
(HR = 0.66 for < 12 years compared to 12–19 years,P = 0.09),
etiology (HR = 2.5 for secondary glomerulonephritis, P <
0.001; other etiologies did not show significant associations)
and ethnicity (HR = 1.5 for African origin, P = 0.025). An
interaction of spKt/V with age was observed that was signif-
icant for high spKt/V > 1.6 (HR = 0.32 for age < 12 years, P =
0.03), but not in the reference group treated with target spKt/V
(P = 0.35) or in the low dose group ≤ 1.4 (P = 0.19) (Online
Resource Fig. S3).

The association shown in Fig. 1 did not change when in-
cluding patients only up to 19 years of age in the analysis
(Online Resource Fig. S4A). Investigation of Kaplan–Meier
curves on log(time) versus log(-log(S(t))) scale (Online
Resource Fig. S2B) and visual inspection of the Schoenfeld
residuals did not indicate any clear deviation from proportion-
al hazard assumption. Nevertheless, the post hoc sensitivity
analysis considering piece-wise survival showed that spKt/V
was not significantly associated with survival within the first 2
years (adjusted HR = 1.9 for low versus target spKt/V, P =
0.18). The estimated adjusted HR for the subgroup of patients
with follow-up of at least 2 years (n = 975) was 2.4 (P = 0.002)
for low versus target spKt/V.

Secondary outcome

The association of investigated covariates with absolute sur-
vival f rom the Weibul l accelerated fai lure t ime
(AFT) regression model is shown in Fig. 3, ordered by covar-
iate importance (P value of LRT). Kt/BSA showed a stronger
association with survival (P < 0.001, linear and log-linear
relationships, using VTBW according to Cheek et al. [23, 24])
compared to other metrics of dialysis adequacy, and in partic-
ular, compared with spKt/V and eKt/V (P < 0.001, log- and
linear relationship). Indices of fluid balance were nonlinearly
related with survival; the strongest association was found for
UFR (P < 0.001, quadratic relationship). Age at the start of
dialysis was also associated with survival (P < 0.001, cubic
relationship; P = 0.001, linear relationship). The relationship

Table 2 Observed overall
survival (95% confidence
interval) while remaining on
hemodialysis

Number 5 years 10 years 15 years

All patients (primary outcome) 1780 91.6 (89.8–93.4) 81.4 (77.9–85.0) 70.9 (65.1–77.2)

by spKt/V

≤ 1.4 489 85.0 (79.6–90.7) 69.3 (59.4–80.9) 56.1 (39.2–30.3)

> 1.4–1.6 531 94.1 (91.5–96.9) 83.0 (76.8–89.8) 76.3 (67.9–85.8)

> 1.6 759 92.2 (89.9–94.7) 84.0 (79.6–88.5) 72.7 (65.3–81.0)

Complete–cases1 1493 91.3 (89.4–93.2) 80.6 (76.9–84.4) 71.4 (65.7–77.6)

Weibull null-model estimates 91.4 81.0 70.7

1Used for estimation of adjusted hazard ratios and secondary outcome analysis in the Weibull regression model

Fig. 1 Survival probability while remaining on chronic hemodialysis
(Kaplan–Meier curve) by mean spKt/V delivered (primary outcome);
log-rank test: spKtV ≤ 1.4 (dotted) versus > 1.4–1.6 (solid): P =
0.0007. spKtV ≤ 1.4 versus > 1.6 (dahsed): P = 0.002
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between these variables and model-predicted log-hazard is
illustrated in Fig. 4. No interaction with age was apparent for
Kt/BSA or UFR. Among further baseline demographic factors,
etiology (secondary glomerulonephritis) was most strongly as-
sociated with lower survival (P < 0.001), followed by age at the
start of dialysis, connective tissue disease (P = 0.003), and
African origin (P = 0.004). No association could be found for
gender (P = 0.12) and diabetes as comorbidity (P = 0.94). In the
sensitivity analysis (censoring patients at 19 years of age) sim-
ilar associations were observed, while suggesting that the use of
the Cheek equation (and not Watson) is particularly relevant <
19 years of age for the strong log-linear relationship with Kt/
BSA observed (Online Resource Fig. S4B).

In the multivariate analysis, Kt/BSA (log-linear), UFR
(quadratic), age (linear), etiology, and ethnic origin were sta-
tistically significant following forward and backward selec-
tion (Estimates: Online Resource Table S1A). Parameter esti-
mates for a cubic age relationship could not be estimated with
good precision (Online Resource Table S1B) but provided
better model predictions as evaluated by comparison with
Kaplan–Meier plots. No interaction with age at the start of
HD could be found. Correlation between spKt/V and Kt/
BSA stratified by age and gender is shown in Fig. 5A, illus-
trating that Kt/BSA of 30–34 L/m2 would correspond

approximately to spKtV of 1.4–1.6 in adolescent boys, 1.6–
1.8 in adolescent girls, and > 1.6 in children < 12 years (≥ 1.8
in the subgroup of children < 6 years) (Fig. 5B).
Predicted survival curves for the final multivariate mod-
el are illustrated for different Kt/BSA and UFR values
for a mean patient (15 years at the start of HD, etiology
not secondary glomerulonephritis/vasculitis, ethnic ori-
gin not African American) in Fig. 6.

Correlations with previously identified disease-related
mortality risk factors are depicted in Online Resource Fig.
S5, showing nomajor correlation with main risk factors (max-
imal correlation of ρ = 0.12 for albumin and ρ = –0.28 for
lactate dehydrogenase with Kt/BSA, ρ = 0.09 for red blood
cell distribution width with UFR).

Discussion

This retrospective observational study is the first to demon-
strate an association between low small solute clearance
(spKt/V < 1.4) and a higher risk of mortality on long-term
HD in patients having started HD in childhood (0–19 years,
median: 16 years). To our knowledge, this patient cohort is
uniquely the largest pediatric cohort studied receiving

Fig. 2 Survival while remaining on chronic hemodialysis stratified by
spKt/V within age groups (Kaplan–Meier curve). a 0–12 years at the start
of dialysis; log-rank test target (solid) versus high (dashed) spKtV (> 1.4–
1.6 versus > 1.6): P = 0.2 (ns). b > 12–19 years at the start of dialysis; log-

rank test low (dotted) versus target (solid) spKtV (≤ 1.4 versus > 1.4–1.6):
P < 0.001; and target (solid) versus high (dashed) spKtV (> 1.4–1.6
versus > 1.6): P = 0.09 (ns)

Fig. 3 Summary of monovariate
relationships tested, ordered by
relative importance of each
variable (lowest P value
according to likelihood ratio test,
LRT) for the best fitting
relationship. Black solid line: P =
0.05, black dashed line: P = 0.01
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standardized HD from the same provider, allowing detailed
analysis of all HD treatment and laboratory data over time.
There is limited data on survival for pediatric patients remain-
ing on HD for more than 10 years with which to compare our
results. Our 5-year survival rate of 91.6% may however be
considered consistent with a previously reported 4-year sur-
vival rate of 92.3% in pediatric patients starting HD between
2007–2011 [28]. Compared to patients treated with target
spKt/V > 1.4–1.6, survival on chronic HD was 9–20% lower
after 5–15 years, respectively. Additional benefit of high spKt/
V > 1.6 was suggested in patients starting HD < 12 years of
age, but not in those starting HD as adolescents. Interestingly,
the apparent age-dependent dose–response relationship disap-
peared when considering Kt/BSA (using pediatric VTBW cal-
culated according to Cheek et al. [23, 24] for calculation) as
the dialysis adequacy metric. Similar to prior reports in adults,
Kt/BSA further showed a stronger association with survival
than spKt/V [29]. Previously not reported, fluid balance indi-
ces in our study showed a strong association with survival,
with both low and very high UFR associatedwith an increased
risk of mortality in this young population. Specifically, no
clearly increased mortality risk was observed in the range of

10–18 mL/kg/h (lowest risk in the range of 13–15 approxi-
mately), in contrast to observational findings in adults [6].

In adults, the increased mortality risk with UFR > 10–13
mL/kg/h is possibly explained by higher incidence of
intradialytic hypotension and associated risk of organ ische-
mia [28]. Increased UFR was not associated with reduced
intradialytic blood pressure in our population (lowest
intradialytic systolic blood pressure values rather tended to
be higher in patients treated with high UFR; data not shown)
suggesting that most patients hemodynamically tolerated high
UFR. The frequent use of high UFR in our population [14]
may hence reflect that children and young adults having
started HD during childhood require higher fluid intake to
meet nutritional needs and promote growth, and/or that they
have better tolerance of high UFR. Increasing UFR for dry
weight optimization can improve anemic and inflammatory
control [29], with the added benefit of increased convective
clearance of larger uremic solutes associated with cardiovas-
cular disease and mortality [30]. The benefit of actively limit-
ing UFR, especially without increasing treatment duration,
has been questioned in adults: epidemiologically a 15% de-
crease in mean UFR during the recent years has not resulted in

Fig. 4 Illustration of predicted log-hazard of monovariate models (cen-
tered to mean value of each presented covariate). Solid line: Prediction
from flexible nonlinear spline model. Dashed line: Prediction from more
simple parametrizations (Kt/BSA and spKt/V: log-linear relationship;
ultrafilration and interdialytic weight gain (IDWG): quadratic relation-
ship; age: linear/cubic relationship (dashed line: cubic, dotted line:

linear)). The variable distribution is illustrated in the bottom of each panel
by standard boxplots, 3 values of spKt/V and Kt/BSA beyond limits of
the panel are not illustrated for better visualization. Green shaded areas:
spKt/V reference target of 1.4–1.6, approximately corresponding Kt/BSA
of 30–34 L/m2 (see Fig. 5). UFR of 10–18 mL/kg/h associated with low
harzard in both spline and simpler parametric model.
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reduced cardiovascular hospitalization rates [31]. Potentially
worrisome, we observed a 40% decrease in UFR during our
study period (from mean 12.2 to 7.3 mL/kg/h between 2004
and 2015, data not shown) in our population, while spKt/V
prescriptions remained stable over time.

The association of low small solute clearancewith a higher risk
of mortality persisted after adjustment for baseline characteristics,

including etiology of kidney disease (secondary glomerulonephri-
tis), ethnicity (African origin), and older age at the start of HD.
Connective tissue disease as a comorbidity was also associated
with mortality in univariate analyses but not in multivariate anal-
ysis, probably due to its correlation with secondary glomerulone-
phritis/vasculitis. In contrast to previous reports [20], we could not
demonstrate a significant association of mortality with female gen-
der (though a trend toward better outcomes for male patients was
observed in univariate analysis) or diabetes as comorbidity.

The relationship between age and survival on a continuous
scale showed a relatively high mortality risk in those starting
HD at 2–5 years of age, compared to those starting around 12
years of age, in line with the literature [20]. Within the adoles-
cent age-group, we observed a risk increase with age, which is
also consistent with USRDS data reporting higher mortality in
patients initiating dialysis as young adults compared to children
0–19 years [21].

Evaluating spKt/V–age interactions (Fig. 2 and Fig. S3) indi-
cated that decreasing survival in adolescents may be confounded
by a larger proportion of adolescents being treated with below-
target doses (spKt/V ≤ 1.4) as compared to patients starting HD
<12 years of age, while not benefitting from high spKt/V > 1.6 as
opposed to younger patients. We have previously reported age-
related differences in dialysis prescription in this population [19],
in line with others [12], where we further found adolescents ≥
100 kg of particular risk to receive low spKt/V [19]. The lack of
benefit of higher spKt/V > 1.6, particularly in adolescents, may
be related to the different weight–BSA relationship (and hence
spKt/V–Kt/BSA relationship). This has been pointed out by
others [12, 13], and may be compensated by benefits of longer
treatment duration in obese adolescents (potentially associated
with improved treatment of overhydration and clearance of
time-dependent solutes) [30]. Interestingly, our spKt/V–Kt/
BSA relationship observed in adolescents is consistent with the
relationship for adults [13], while Kt/BSA is, as expected, lower
in younger patients for a given spKt/V.We found that Kt/BSA of
> 30 L/m2 corresponded approximately to spKtV of > 1.4 in

Fig. 5 Correlation between spKt/V and Kt/BSA stratified by age at the start
of HD and gender (a: data with linear regression line illustrated, b: only linear
regression line illustrated): Kt/BSA translates to higher spKt/V in younger (0–
12 years) and female patients (> 12–19 years), thus there is a risk of
underdosing HD in these patients if same spKt/V is targeted for all. Dotted
vertical line: minimum spKt/V of 1.2 targeted in adults.Dashed vertical lines:
target spkt/V of > 1.4–1.6. Horizontal dashed lines with green shaded area:
Kt/BSA of 30–34 L/m2, corresponding approximately to spKtV of 1.4–1.6 in
adolescent boys, 1.6–1.8 in adolescent girls, and > 1.6 in children 0–12 years
(≥ 1.8 in the subgroup of children < 6 years, data not shown separately).

Fig. 6 Predicted survival from the fitted multivariate adjusted Weibull
AFTmodel for different Kt/BSA and UFR for a mean reference patient of
the population (15 years at the start of HD, etiology not secondary
glomerulonephritis/vasculitis and ethnic origin not African American).
Green shaded area: Kt/BSA of 30–34 L/m2 (percentiles p38 to p71 in

the population, see Fig. 4), corresponding approximately to spKtV of
1.4–1.6 in adolescent boys, 1.6–1.8 in adolescent girls and > 1.6 in chil-
dren < 12 years (see Fig. 5). UFR of 10–18 mL/kg/h (percentiles p43 to
p92 in the population, see Fig. 4) is associated with lower risk in para-
metric models.
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adolescent boys (as reported for male adults [13]), > 1.6 in ado-
lescent girls (in line with female adults [13]) and children < 12
years (≥ 1.8 in children < 6 years, data not shown separately).
This observation may also support the finding that adult women
benefit from higher spKt/V compared to men [5].

Results are consistent with a previous exploratory machine-
learning based analysis on a subgroup of patients [27], suggest-
ing optimal spKt/V > 1.5 andUFR> 10mL/kg/h for an average
adolescent patient. In the present analysis, we did not investi-
gate relationships of survival with other disease-related risk
factors of mortality, such as albumin, lactate dehydrogenase,
and red blood cell distribution width. In our supplementary
analysis, we could not identify strong correlations with those
variables, suggesting little risk of confounding by those vari-
ables. It also suggests that those disease-related variables are
only marginally affected by HD treatment, stressing the impor-
tance of other intervention strategies to improve patient survival
and well-being, e.g., related to treatment of nutrition and ane-
mia. Some stronger correlation with z-score weight for age and
normalized protein catabolic rate with investigated treatment-
related variables could be observed. This deserves further in-
vestigation, as we have observed suboptimal growth particular-
ly in patients < 12 years of age [19], and as others have reported
improved growth in children treated with more intense (longer
or more frequent) dialysis [31, 32].

As we report on observational data, shown associationsmust
be interpreted with caution regarding causality. It may be em-
phasized in this context that presented survival probabilities
refer to “survival on chronic HD”, and not to “overall survival”,
as no information on survival after kidney transplantation or
facility discharge was available. As a cross check, we also
performed a post hoc supplementary analysis taking into ac-
count transplantation as a competing risk (instead of random
censoring). The results were consistent with the primary analy-
sis, albeit the long-term survival probability was higher than in
the presented analysis considering transplantation as a censor-
ing event (Online Resource Fig. S6). We did not further inves-
tigate the influence of intraindividual variation in UFR or spKt/
V prescription, which was higher for UFR (average
intraindividual variation: ±48% or ±5 mL/kg/h) than for spKt/
V (±15% or ±0.24). Proposed Kt/BSA reference ranges may
not apply to children and infants < 2 years, in whom BSA-
normalized healthy glomerular filtration rate is lower than in
older patients [33]. Our ability to investigate age-dependent
associations was partly limited by small patient numbers < 12
years (and especially < 6 years) of age. The trend toward lower
association with spKt/V during the first two years of HD could
be related to residual kidney function (RKF). RKF was not
evaluated systematically in all patients but was reported only
in a small percentage of patients (4%) [19]. It is unlikely to have
a significant effect on our long-term results as RKF tends to be
lost in the majority of patients within the first year of starting
HD on a thrice-weekly regimen [34]. In such cases, we would

however expect better survival than observed in those patients.
Although relatively high UFR in children of 10–18 ml/kg/h
appears to be risk-free regarding their survival, that may only
be true if clinically well tolerated (as suggested from its frequent
use in the presented population in the outpatient setting [14]), if
associated with improved nutrition (as suggested from positive
correlation of ρ = 0.41 between UFR and normalized protein
catabolic rate in Fig. S4), and if necessary, to achieve or opti-
mize dry weight. Potentially negative (i.e., myocardial stun-
ning) or positive (i.e., decreased chronic fluid retention) effects
of high UFR on the cardiovascular system could not be
assessed in our study. Previously recommended and historically
well-tolerated fluid removal rate in children is reported to be up
to 8% of body weight [35]. If 18 mL/kg/h UFR is used, in a
25 kg child, 1350 mL of fluid is removed in a 3 h HD session,
corresponding to ~5.4% of body weight. This is well under 8%,
supporting our finding that UFR of 10–18 ml/kg/h appears risk
free. As patients were treated in > 1000 different clinical cen-
ters, we cannot exclude influence of regional differences in
patient care [36], potentially limiting generalizability of results
to regions other than the US. However, all patients uniformly
received treatment by the same dialysis provider, which result-
ed in standardized delivery, evaluation, and recording of HD
treatment. This allowed us to perform an analysis of a uniquely
large paediatric cohort over an extended period. As our analysis
shows that mortality increases over time on dialysis, consistent
with previous reports [37], the ultimate goal of early kidney
transplantation remains undisputed.

In conclusion, observational findings from this first study
in patients starting maintenance HD in childhood demonstrate
the benefit of achieving spKt/V > 1.4. Kt/BSA appears to be a
clinically more meaningful marker of HD adequacy compared
to spKt/V, supporting targeting higher spKt/V in younger
children. In children and adolescents requiring long-term he-
modialysis, higher UFR of 10–18 mL/kg/h was associated
with best survival, in contrast to data reported in adults.
With the goal to improve long-term outcomes in pediatric
HD, we suggest that original findings reported here serve as
guidance in HD dose and UFR prescription.
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