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Abstract

Background Lung ultrasound is a well-established technique to assess extravascular lung water, a proxy for volume status, in
the adult population. Despite its utility, the data are limited supporting the use of ultrasound to evaluate fluid volume status
among pediatric patients. Our study uses a simplified ultrasound protocol to evaluate changes in extravascular lung water,
represented by b-lines, among pediatric patients undergoing hemodialysis.

Methods This prospective single-center study included children from birth to 18 years of age. The number of b-lines per
ml/kg of fluid removed was compared prior to, at the midpoint, and following termination of dialysis. An 8-zone protocol
was utilized, and b-lines were correlated to hemoconcentration measured by the CRIT-LINE® hematocrit.

Results Six patients with a total of 26 hemodialysis sessions were included in this study. The b-line measurements post-
dialysis were 2.27 (p<0.001; 94%CI -3.31, -1.22) lower relative to pre-dialysis. The number of b-lines was reduced by 1.69
(p<0.001; -2.58, -0.80) between pre-dialysis and at the midpoint of dialysis and by 0.58 (p=0.001; -0.90, -0.24) between
the midpoint of dialysis and post-dialysis. A 1 mL/kg fluid loss correlated to a decrease in the original b-lines by 0.079. An
inverse relationship (r=-0.54; 95% CI: -0.72, -0.34; p<0.001) was noted between the b-lines and the patients’ hematocrit
levels.

Conclusions A simplified 8-zone ultrasound protocol can assess fluid volume change in real time and correlates with hema-
tocrit levels obtained throughout dialysis. This provides a valuable method for monitoring fluid status in volume overloaded
patient populations.
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cular volume status is of critical importance in the care
of those with volume-sensitive disease processes such
as kidney disease or heart failure. Currently, physicians
primarily rely upon the clinical examination, including
weight gain, skin turgor, crackles on auscultation, periph-
eral edema, or jugular venous distension, as well as chest
X-ray, or laboratory testing. Recently, however, lung ultra-
sound has been utilized to evaluate for extravascular lung
water and has been shown to reflect changes in water vol-
ume among adult patients undergoing routine hemodialy-
sis in real time [1].

Lung ultrasound involves the assessment of the lungs in
multiple zones for detection of several types and patterns of
sonographic artifacts. Typically, 28 zones are used; however,
a simplified approach has been validated in both adult and
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pediatric populations and may be more efficient in clinical
practice [2, 3]. B-lines are vertical hyperechoic reverberation
artifacts that extend from the pleural line to the bottom of the
screen. Greater than three b-lines between a rib interspace
suggests alveolar interstitial syndrome, and the number of
b-lines allows semi-quantification of the degree of volume
overload in adult populations [4, 5].

While lung ultrasound has been demonstrated to provide
reliable quantification of fluid overload in adult dialysis
patients, there are limited data in the pediatric population
[1,6,7].

The primary objective of this study was to evaluate
whether fluid overload can be quantified in infants and chil-
dren receiving dialysis by assessing whether the number of
b-lines correlates with the volume of fluid removed per kilo-
gram of body weight using a simplified 8-zone lung ultra-
sound protocol. Additionally, our study aimed to evaluate
the correlation between number of b-lines and blood-volume
changes during treatment.

Materials and methods

This prospective observational study included pediatric
patients aged birth to 18 years of age receiving hemodialy-
sis at Arkansas Children’s Hospital. Informed consent was
obtained from the subjects and/or guardians as specified in
the ICMIJE recommendations. Patients with lung fibrosis,
interstitial lung disease, acute respiratory distress syndrome
(ARDS), or multifocal pneumonia were excluded as b-lines
may represent their underlying pathology rather than fluid
overload. All patients had normal biventricular systolic func-
tion on echocardiogram performed concurrently with this
study.

Clinical parameters, including weight, height, and vital
signs, were recorded before and after each dialysis session
per the routine practice at our institution. Changes in blood
volume are routinely monitored during dialysis sessions as
a real-time noninvasive method to guide fluid removal [8].

Hematocrit values from the CRIT-LINE® monitor (Fre-
senius Medical Care North America, Waltham, MA, USA)
were recorded at the start, midpoint, and end of each dialysis
session. Calculations of mL/kg of fluid removed were made
using pre-dialysis weights.

Ultrasound details
Lung ultrasound evaluations were performed using a Min-

dray TE7 (Mindray North America, Mahwah, NJ). Imag-
ing was performed by an emergency physician fellowship
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trained in emergency ultrasound with extensive clinical
experience with lung ultrasound. The linear probe was
preferentially used; however, in cases where subject body
habitus prevented adequate visualization of the lung the
phased array or curvilinear probe was utilized.

Participants underwent ultrasound evaluation within
30 min of starting dialysis, at the approximate midpoint of
dialysis, and within 30 min of stopping dialysis. Multiple
measurements were taken on each enrolled subject. The
studies were performed on either Monday, Wednesday,
or Friday based on scanning physician’s availability. The
8-zone protocol whereby an ultrasound probe is placed
longitudinally on two anterior and two lateral fields per
hemithorax was used. The anterior field was defined as
anterior to the anterior axillary line, with preference given
to the mid-clavicular line due to its reflection of well-aer-
ated lung. The lateral field was defined as posterior to the
anterior axillary line and anterior to the posterior axillary
line with the diaphragm representing the inferior margin.
B-lines were defined as hyper-echoic lines perpendicular
to the probe surface and originating at the pleural line
that extended to the lower limit of the field. B-lines were
counted based on the moment the maximal number of
b-lines was visible in each field over an entire respiratory
cycle. The total number of b-lines per field and total num-
ber of b-lines in all fields were recorded.

Statistical analysis

Descriptive analyses were used to assess changes in the
number of b-lines pre- to post-dialysis, stratified by the
number of b-lines at baseline. To test for changes in the
number of b-lines from prior to dialysis to after dialysis,
we used generalized estimating equations (GEEs) with
an exchangeable working correlation matrix structure
to account for multiple measurements for each patient.
GEE models were conducted from pre- to post-dialysis,
from pre- to midpoint dialysis, and from midpoint to
post-dialysis. To assess for a relationship between the
number of b-lines and hematocrit levels, a repeated-
measures correlation was conducted to measure the
within-patient association of paired b-line and lung fluid
volume measurements. Graphics were created to visual-
ize relationships between changes in b-lines and changes
in lung fluid as well as changes in b-lines and changes
in hematocrit levels.

Data management and the GEE models were conducted
in SAS v 9.4, the repeated-measures correlation was con-
ducted in R, and visualizations were created in R and in
Tableau Software, version 2019.2. All tests were 2-sided
assuming a p value of 0.05.



Pediatric Nephrology (2023) 38:2165-2170

2167

Results

Demographics included patients 7—-17 years of age of
whom half were male. Underlying diagnoses included
hemolytic uremic syndrome, congenital hypoplasia of
the kidneys, obstructive uropathy and steroid-resistant
nephrotic syndrome.

Of the 26 encounters, nine had 0 b-lines prior to dialy-
sis, all of whom maintained O b-lines after dialysis. Only
1 encounter had an increase in b-lines, from 1 to 2. We
did not find significant reductions when considering
encounters with only 1 or 2 b-lines prior to dialysis. How-
ever, among encounters with 3 to 5 b-lines, the number
of b-lines reduced by 3.0 for all encounters, equivalent
to a 92.7% reduction from pre- to post-dialysis. Among
encounters with at least 6 b-lines prior to dialysis, we
found that the number of b-lines reduced by an average of
6.1 b-lines, equivalent to a 78.8% reduction (Table 1). Fig-
ure 1 displays the number of b-lines pre- and post-dialysis
for the 17 encounters with > 0 b-lines prior to dialysis.

Similarly, we found that a greater number of b-lines
were associated with increased average fluid removal.

Specifically, we found incremental increases in fluid
removed among encounters with no b-lines (32.0 ml/kg),
1 or 2 b-lines (38.1 ml/kg), 3 to 5 b-lines (44.7 ml/kg), and
6 or more b-lines (45.0 ml/kg).

When assessing whether there were statistically signifi-
cant changes in b-lines using the GEE model, we found that
the b-line measurements post-dialysis were 2.27 (p < 0.001;
94%CI -3.31, -1.22) lower relative to the number of b-lines
prior to dialysis. The number of b-lines was reduced by
1.69 (p<0.001; -2.58, -0.80) between pre-dialysis and at
the midpoint of dialysis, and b-lines were reduced by 0.58
(p=0.001; -0.90, -0.24) between the midpoint of dialysis
and post-dialysis. For each 1 mL/kg of fluid removed, we
found a reduction in initial b-lines by 0.79 (p=0.07) (Fig. 2).

The repeated-measures correlation used to assess the rela-
tionship between the b-lines and the patient’s hematocrit
levels found a significant inverse relationship between the
two measures when including all encounters (r=-0.54; 95%
CI: -0.72, -0.34; p<0.001) as well as when including those
encounters with nonzero b-lines prior to dialysis (r=-0.66;
95% CI: -0.82, -0.42; p<0.001) (Fig. 3). A 57.9-percentage-
point increase in hematocrit was associated with a decrease
in 1 b-line (p=0.84) (Fig. 4).

Table 1 Descriptive information
on ultrafiltrate removed and

Number of b-lines N

Absolute B-Line

Relative B-Line Change Ultrafiltrate (mL)/

. . at baseline Change Pre to Post Pre to Post Weight (Kg pre)
changes in b-lines from pre- and
post-dialysis, by number of Average SD Average SD Average SD
b-lines at pre-dialysis
0 9 0.0 0.0 - - 32.0 13.8
lor2 7 -1.0 1.0 -64.3% 74.8% 38.1 12.0
3-5 3 -3.0 0.0 -92.7% 14.4% 44.7 10.6
>=6 7 -6.1 2.0 -78.8% 20.4% 45.0 8.9
Fig.1 Pre-dialysis vs. post- 1

dialysis b-lines among those
encounters with> 0 pre-dialysis
b-lines

B-lines

Post-Dialysis

Pre-Dialysis
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Fig.2 Association between ultrafiltrate removed and change in num-
ber of b-lines

Discussion
Our study indicates that fluid overload can be objectively

quantified in infants and children receiving dialysis by
investigating b-lines. Additionally, the correlation between

number of b-lines and hematocrit is a novel finding from
this study.

Our study quantified b-lines utilizing a simplified 8-zone
protocol in the pediatric dialysis population. While lung
ultrasound is a noninvasive, radiation-free technique which
can easily be performed at the bedside, prior studies have
utilized the 28-zone method as originally developed by Jam-
brik et al. or the 14-site scanning method for patients with
weight <20 kg [9]. Application of the 28-site lung ultra-
sound in pediatric patients can be challenging as ultrasound
transducers have a relatively large footprint, which may lead
to significant overlap between the scanning sites. Addition-
ally, the 14- and 28-zone protocols require prolonged study
time and manipulation of the patient’s position as com-
pared to the simplified 8-zone method. Recently, the prog-
nostic performance for death and cardiovascular events of
the 28-site and a simplified 8-site b-lines score (4 on the
right and 4 on the left hemithorax) in adult hemodialysis
patients found that the two techniques were highly inter-
related (Spearman’s rho 14 0.93, p <0.001) and had a good
concordance index (k 14 0.79, 95% confidence interval
0.74-0.84) [10]. As such, we sought to utilize a simplified
8-zone method in the volume assessment of pediatric dialy-
sis patients. Our findings demonstrated a reduction in b-lines
per volume of fluid removed, suggesting that this simplified
protocol is sufficient to quantify fluid overload in infants and
children on dialysis. Additionally, our study demonstrated
the ability to detect changes in patient fluid status in real
time, similar to the adult population in which b-line changes
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Fig.3 Repeated-measures correlation between hematocrit and b-lines
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have been demonstrated to occur concurrently with ultrafil-
tration [1].

Our work is the first to quantify b-lines to volume per
body weight of fluid removed. While Allinovi et al. and Fu
et al. have previously correlated the number of b-lines with
changes in body weight, our study gives a precise evaluation
of volume status with regression analysis, which demon-
strates a decrease in the original b-lines by 0.79 per 1 mL/kg
fluid removed [7, 11]. This is of clinical importance as inad-
equate volume removal can lead to chronic volume overload
with hypertension and left ventricular hypertrophy, which
may evoke cardiovascular events and increase mortality.

Our study also expands upon prior work by érajer et al.
who examined the association between the severity of lung
congestion as detected by lung ultrasound b-lines and hem-
atocrit in the adult population [12]. The CRIT-LINE®, a
monitor which is attached to the hemodialysis blood tubing
that continuously and accurately measures the hematocrit by
optical absorbance, was utilized to give ongoing measure of
hematocrit throughout the dialysis session [13]. Our study
found a significant relationship between number of b-lines
and hematocrit levels, with increases in hematocrit levels
being associated with declines in b-lines.

This study of lung ultrasound as a fluid assessment tool
in infants and children on dialysis had several limitations.
The number of patients in our population was relatively
small and was heterogeneous with respect to kidney disease.
As a result, the potential for spectrum bias is an important
limitation. The same physician performed all scans, and
as such they were not blinded to the initial or subsequent

% Change in HCT

scans and could have introduced a repeated-measures bias.
Additionally, the generalizability to clinicians without exten-
sive training and experience in lung ultrasound is not yet
known. Lastly, this study was intended to have substantially
more data points; however, due to the global COVID-19
pandemic, additional data collection was not able to be
performed.

In conclusion, a simplified 8-zone lung ultrasound
protocol can assess fluid volume status as represented by
b-lines as it correlates with volume of fluid per body weight
removed and hematocrit. This provides a valuable method
for monitoring fluid status in volume overload pediatric
patients. Future directions may include expansion and uti-
lization of lung ultrasound and b-lines in the quantitative
evaluation of volume status of other volume-sensitive popu-
lations such as those with heart failure.
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