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Abstract 

Background Fluid overload is associated with morbidity and mortality in children receiving dialysis. Accurate clinical 
assessment is difficult, and using deuterium oxide  (D2O) to measure total body water (TBW) is impractical. We inves-
tigated the use of ultrasound (US), bioimpedance spectroscopy (BIS), and anthropometry to assess fluid removal in 
children receiving maintenance hemodialysis (HD).

Methods Participants completed US, BIS, and anthropometry immediately before and 1–2 h after HD for up to five 
sessions. US measured inferior vena cava (IVC) diameter, lung B-lines, muscle elastography, and dermal thickness. BIS 
measured the volume of extracellular (ECF) and intracellular (ICF) fluid. Anthropometry included mid-upper arm, calf 
and ankle circumferences, and triceps skinfold thickness.  D2O was performed once pre-HD. We assessed the change 
in study measures pre- versus post-HD, and the correlation of change in study measures with percent change in body 
weight (%∆BW). We also assessed the agreement between TBW measured by BIS and  D2O.

Results Eight participants aged 3.4–18.5 years were enrolled. Comparison of pre- and post-HD measures showed 
significant decrease in IVC diameters, lung B-lines, dermal thickness, BIS %ECF, mid-upper arm circumference, ankle, 
and calf circumference. Repeated measures correlation showed significant relationships between %∆BW and changes 
in BIS ECF (rrm =0.51, 95% CI 0.04, 0.80) and calf circumference (rrm=0.80, 95% CI 0.51, 0.92). BIS TBW correlated with 
 D2O TBW but overestimated TBW by 2.2 L (95% LOA, -4.75 to 0.42).

Conclusion BIS and calf circumference may be helpful to assess changes in fluid status in children receiving mainte-
nance HD. IVC diameter, lung B-lines and dermal thickness are potential candidates for future studies.
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Background
Assessment of fluid overload poses a significant chal-
lenge in patients with end stage kidney disease (ESKD). 
This challenge is greater in growing children where it can 
be difficult to differentiate fluid overload from normal 
growth and weight gain. Accurate assessment of volume 
status is important. While fluid overload is associated 
with increased cardiovascular morbidity and mortality 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12882-022-03012-1&domain=pdf


Page 2 of 12Ehlayel et al. BMC Nephrology            (2023) 24:5 

[1], excessive fluid removal can lead to patient discom-
fort (e.g. dizziness, cramping), accelerated loss of residual 
kidney function, and myocardial stunning [2]. Assess-
ment of fluid status mainly relies on the estimated dry 
weight (EDW), a clinically derived estimation of “nor-
mal” weight that has significant limitations. Isotope dilu-
tion is considered the gold standard for measuring total 
body water (TBW), but it is too costly and time consum-
ing to be of pragmatic use in clinical practice [3]. Safe, 
non-invasive, rapid, cost-efficient methods are needed for 
accurate assessment of volume status in pediatric dialysis 
patients to guide fluid removal.

Several ultrasound (US) methods have been studied 
to measure volume status in patients receiving dialysis 
or with other conditions. Measurements of inferior vena 
cava (IVC) diameter have been used to assess intravas-
cular volume in critically ill patients and in dialysis [4], 
and may predict tolerability of fluid removal [5, 6]. On 
lung US, comet-like artifacts known as B-lines originate 
from the pleural line and correlate with extravascular 
lung volume [7], US elastography, which assesses tissue 
“stiffness,” has been used to measure cutaneous stiffness 
in various pathologies including lymphedema and sys-
temic sclerosis [8] but has not previously been evalu-
ated in the dialysis population. Given the high content 
of water in muscles cells [9], muscle elastography may 
be able to detect changes in muscle stiffness with fluid 
removal. High-frequency US allows accurate measure-
ment of dermal thickness and has been used to assess 
and quantify edema in chronic venous disease and sub-
cutaneous edema due to peripheral intravenous cath-
eters [10, 11].

Another non-invasive method used to measure vol-
ume status is bioimpedance spectroscopy (BIS), which 
estimates body water by emitting a small electric current 
and measuring the resistance to that current as it passes 
through the body. This allows measurement of intracel-
lular fluid (ICF), extracellular fluid (ECF), and TBW 
[12]. BIS can determine fluid status, guide fluid removal 
to achieve EDW, and predict mortality in patients with 
ESKD [13–15]. While dialysis leads to a decrease in ECF, 
the effect on ICF varies and may be associated with intra-
dialytic hypotension [16].

Changes in volume status also result in alterations in 
body size, which may be detected using standardized 
bedside anthropometric measures such as mid-upper 
arm circumference (MUAC), calf and ankle circumfer-
ence, and triceps skinfold thickness. Although anthropo-
metric measures have been studied to assess nutritional 
status in patients receiving dialysis [17–19], little is 
known about the relationship between these measures 
and volume status.

The overall objective of our pilot study was to assess 
whether changes in fluid status in children on hemodi-
alysis (HD) can be detected using non-invasive methods 
including US, BIS, and anthropometry. US assessments 
included IVC diameter, lung B-lines, muscle elastogra-
phy and dermal thickness. BIS measurements included 
ECF and ICF. Anthropometric measurements included 
MUAC, calf and ankle circumference, and triceps skin-
fold thickness. To evaluate accuracy of BIS compared 
to “gold standard” isotope dilution using deuterium 
oxide  (D2O), we measured TBW using both BIS &  D2O 
pre-HD.

We hypothesized that each of the US, BIS, and anthro-
pometric measures would change following HD, and 
that these changes would correlate with the propor-
tion of body fluid removed during HD. Given that fluid 
is directly removed from the extracellular compartment 
with HD, we also hypothesized that changes in US and 
anthropometric measures would correlate with changes 
in BIS ECF with HD. In addition, we hypothesized that 
pre-HD TBW measured by BIS would correlate with the 
gold standard  D2O TBW.

Methods
Study design
This prospective, observational cohort study was 
approved by the Children’s Hospital of Philadelphia 
(CHOP) Institutional Review Board (IRB #18-015039). 
Written informed consent was obtained from all legal 
guardians or participants 18 years or older, and child 
assent was obtained as appropriate.

Participants completed US, BIS, and anthropometry 
immediately before HD and 1–2 h after HD to allow vas-
cular refilling. Pre- and post-HD study measures were 
repeated for each participant on up to 5 separate HD ses-
sions to capture varying levels of volume status.

On a separate visit, TBW was measured using  D2O 
before HD only. US, BIS, and anthropometry were also 
obtained at this visit before dialysis. Measures were not 
repeated after HD due to length of the visit.

Setting and participants
Participants receiving maintenance HD were recruited 
from the CHOP outpatient HD unit between January 
2019 and February 2020. Inclusion criteria were age ≥ 1 
year old and on HD for > 1 month at the time of enroll-
ment, to allow time for stabilization on HD. The age of 
1 year was chosen due to physical limitations of apply-
ing BIS electrodes. Patients with conditions affecting 
IVC, such as heart failure and IVC thrombus, or skin 
lesions interfering with BIS probe placement were 
excluded.
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Study procedures
US images were obtained during a 30  min session and 
anthropometry/BIS were done in a separate 30  min 
session. Sessions were completed consecutively. The 
order of sessions (US vs. anthropometry/BIS) was com-
pleted based on scheduling availability. US images were 
obtained in the supine position and anthropometric 
measurements in the standing position. For BIS, par-
ticipants were asked to lay flat on a table for a minimum 
of 5  min before obtaining measurements. A summary 
of study measurements is presented in Supplementary 
Table S1.

Physical exam and clinical data
A physical exam was completed by investigators (AE, 
XM or EH) prior to a scheduled HD session on the day 
of the study visit. The exam included auscultation of the 
lungs for crackles, and evaluation for periorbital, sacral, 
and lower limb edema. Investigators obtained pre-HD 
blood pressure (BP) measurement by auscultation. Post-
HD BP readings were retrieved from the medical record 
and obtained immediately post-HD by oscillometry, as 
per HD unit protocol. Clinical data was collected from 
participants’ medical records at the time of the visit and 
between study visits, including vital signs, medications, 
lab results and hospitalizations. Dialysis treatment set-
tings and EDW were determined by the clinical team. 
Patients were allowed to eat and drink per HD unit pol-
icy. Residual kidney function was not measured.

Ultrasound
US assessment of IVC, lung, and muscle elastogra-
phy were obtained using GE Logiq-E9 or E10 (GE 

Healthcare, Chicago, IL). A convex probe was used 
for the IVC measurements and linear probe for the 
lung and muscle elastography. Dermal thickness was 
obtained using Vevo 2100 (FUJIFILM VisualSonics, 
Toronto, CA) with ultra-high frequency probe. Images 
were obtained in 2-dimensional B-mode. IVC diameter 
was measured once to the right of the xiphoid. IVC 
measurements included minimum  (IVCmin) diameter, 
maximum  (IVCmax) diameter, and IVC collapsibility 
index (IVCCI). IVC diameter changes during the res-
piratory cycle, with the largest diameter noted during 
expiration and “collapsing” to the smallest diameter 
during inspiration. IVCCI reflects the proportion of 
change in the diameter during inspiration, with less 
collapse and therefore a lower IVCCI noted with fluid 
overload.

Lung US images were obtained in the intercos-
tal space at 9 positions in each lung, for a total of 18 
lung windows: upper, mid and lower lung at the mid-
clavicular, anterior axillary, and mid-axillary lines. The 
total number of B-lines from all windows was used for 
analysis.

Muscle elastography was obtained on the lateral 
aspect of the right leg. The median value from at least 
8 shear wave velocity regions of interest was used for 
analysis (Fig. 1). Dermal thickness (mm) was measured 
on the medial aspect of the right lower leg on the sur-
face of the tibial bone (Fig. 2). The average of 3 meas-
urements was used for analysis.

All US images were obtained by qualified pediatric 
sonographers and interpreted by two pediatric radiolo-
gists who were blinded to the patient’s clinical status, 
including weight and volume status. Interpretation of 

Fig. 1 Muscle elastography ultrasound image. Grayscale ultrasound image (left) and shear wave elastography map (right) of the gastrocnemius. 
The elastography map (blue box) represents the interrogated tissue and the small circles are drawn regions of interest, each representing a velocity 
measurement (shear wave velocity), which can be directly translated into muscle stiffness
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imaging results was conducted independently by the 
radiologists.

Bioimpedance spectroscopy
Whole body BIS was obtained using Xitron Hydra 4200 
after participants were in a supine position for at least 
5 min. Two electrodes were placed on the dorsum of the 
hand and two on the dorsum of the foot, as per manu-
facturer recommendations [20]. Three consecutive meas-
urements were obtained. None of the participants had a 
fistula on the side of measurement.

Estimates of the extracellular fluid (ECF) and intracel-
lular fluid (ICF) were generated by the BIS program and 
used for analysis. The Hydra 4200 estimates ECF and ICF 
using equations formulated from Hanai mixture theory 
[20]. BIS TBW was calculated as a sum of ECF and ICF. 
The average of 3 readings was used for analysis.

Anthropometry
Anthropometric measurements of MUAC, calf and 
ankle circumference, and triceps skinfold thickness were 
obtained by research anthropometrists using standard-
ized methods as described in the Anthropometric Stand-
ardization Reference Manual [21]. Limb circumferences 
were measured with a non-stretchable fiberglass tape 

(± 0.1 cm; Weigh and Measures LLC, MD) without inter-
fering clothing. Triceps skinfold thickness was measured 
using skinfold calipers (Holtain, UK). Triplicate measure-
ments were taken from the arm without the HD vascular 
access and the average of 3 measurements was used for 
analysis.

Standing weight and height measurements were 
also obtained. Weight (± 0.1  kg, Scaletronix, NY) was 
obtained before and after HD with participants wearing 
minimal clothing. The average of three measurements 
was used. Height was obtained pre-HD using a stadiome-
ter (± 0.1 cm, Holtain, UK) and the average of 2 measure-
ments was used in the analysis. Percent change in body 
weight (%∆BW) was calculated as follows:

Isotope dilution
For the isotope dilution study visit, a baseline blood sam-
ple was drawn and then participants were given 0.15 g/
kg of  D2O (99.9% enrichment, Cambridge Isotope Lab-
oratories) 4  h before their scheduled HD session. The 
 D2O water was administered orally from a syringe under 
supervision of study personnel. An accurate weight of 
administered  D2O was calculated from the difference 

%ΔBW =

(

predialysis weight − postdialysis weight

predialysis weight

)

× 100

Fig. 2 High frequency skin ultrasound image. High frequency ultrasound image of the pretibial soft tissues show the echogenic epidermis (arrow), 
heterogeneous and less echogenic dermis (*) and the hypoechoic hypodermis (^). (+ - - - +) Represents study measurement
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in weight of the syringe before and after administra-
tion of  D2O using a precision scale (± 0.0001 g, Mettler-
Toledo scale model AG104, OH). Blood samples for  D2O 
level measurement were drawn at baseline and 4 h after 
administration, prior to initiation of HD. Participants 
were asked to void prior to administration of  D2O and 
the first blood draw. Urine voided during study period 
was measured by study investigators. Blood samples were 
stored at -80° C until study completion and analyzed 
in batch by cavity ring-down spectroscopy (Metabolic 
solutions, NH). Samples were injected 10 times and the 
results of the last 3 measurements were averaged to miti-
gate between sample memory effects [22], with a preci-
sion of 2 parts per thousand.  D2O TBW was calculated at 
the equilibration time point from isotope dilution space 
assuming TBW =  ND/1.041 to correct for isotopic frac-
tionation [23]. TBW percentage (%TBW) was calculated 
as follows:

Statistical methods
Continuous data are reported as median (interquartile 
range), mean (standard deviation [SD]), and categorical 
data as counts (percentages). We used a mixed-effects 
model to estimate the change in study measures before 
and after the initiation of dialysis. From this model, we 
reported the estimates before and after baseline. The 
intraclass correlation coefficient (ICC) which meas-
ures the degree of correlation within clusters was also 
reported. The ICC ranges from 0 to 1. An ICC of 0 means 
all the observations are independent of one another. A 
nonzero ICC suggests variability and that the observa-
tions are not independent [24].

Using the repeated measures correlation function 
“rmcorr()”, we assessed the relationship between within-
person changes pre- and post-HD in US measures, BIS, 
anthropometry, and BP with %∆BW. Repeated meas-
ures correlation was also used to assess the relationship 
between within-person changes pre- and post-HD in US 
measures and anthropometry with BIS ECF. Repeated 
measures correlation is a statistical technique for deter-
mining within-individual association for paired meas-
ures assessed at two or more time points for multiple 
individuals [25]. The rmcorr coefficient (rrm) is bound 
by -1 to 1 and represents the strength of the linear asso-
ciation between two variables [25]. Observations missing 
pre- or post-HD values were not included in the primary 
analysis. In sensitivity analyses, missing values were sub-
stituted with multiple imputation procedures using the 
“mice()” function from the R multivariate imputation by 
chained equation (MICE) package.

%TBW =

TBW

body weight
× 100

Bland-Altman method was used to assess agreement 
between BIS and  D2O measures of TBW. This analysis 
determines the mean differences (or bias) between tests 
as a measure of accuracy, where small bias indicates 
high accuracy. The 95% Limit of Agreement (LOA) was 
defined by ± 1.96 SD of the bias. A narrow 95% LOA 
means high precision of measurement [26].

The level of significance was set at p-value < 0.05. Data 
management and analyses were conducted with SAS ver-
sion 9.4 (SAS Institute Inc., Cary, NC, USA) and R soft-
ware version 4.0.5 (R Core Team, 2021).

Results
Demographics
Nine children undergoing maintenance HD were enrolled 
in the study with one participant withdrawing consent prior 
to completing any study measures. Patient demographics 
and clinical characteristics are presented in Table 1. Eight 
subjects were included in the analysis (6 males), median 
age 17.0 years (range 3.4–18.5). Median duration on HD 
was 3.4 months (range 1.4–75.2). Five out of 8 partici-
pants (62.5%) were on antihypertensive medications. No 
participants had diabetes. A total of 29 pre/post visits 
(median 4.5 visits per participant) and 6 isotope study 
visits were completed (one participant received a kidney 
transplant and another participant refused  D2O study). 
Urine output measured during  D2O study period was 
negligible in amount. Physical exam findings of edema 
were absent in most study visits. Six visits were miss-
ing some study measures. Details of missing data and 
study visits are presented in Supplementary Table S2. 
The technical error of measurement was assessed with 
root mean square of error and % coefficient of variation. 
Results in Supplementary Table S3.

Change in Study measures pre & post HD
Average pre-HD weight for the cohort was 54.3  kg, 
decreasing to 52.4  kg post HD. Mean systolic BP 
decreased from 125.8 to 113.7 mmHg and mean diastolic 
BP decreased from 74.7 to 68.2 mmHg. Change in study 
measures pre- to post- HD are presented in Table  2. 
On US, mean IVC measurements showed a significant 
decrease in  IVCmin and  IVCmax diameters (p < 0.05). The 
mean total number of lung B-lines decreased from 12.5 
to 9.4 (p = < 0.0001). Average dermal thickness decreased 
by 0.12  mm (p = 0.02). Intraclass coefficient showed 
moderate to high agreement in most study measures 
between radiologists.

Mean BIS ECF volume decreased by 1.4% (p = < 0.0001) 
and mean BIS ICF increased by 1.7% (p = < 0.0001). Mean 
MUAC decreased by 0.5  cm and calf measurements by 
0.6 cm (p = < 0.0001 for both). Mean ankle circumference 
decreased by 0.3 cm (p = 0.01).
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Average of study measures were compared before and 
after hemodialysis. For participants with more than one 
visit, the average of the individual participant’s study 
measure was included in the analysis. ICC ranges from 
0 to 1, where nonzero value suggests variability and 
that the observations are not independent.

Correlation of change in study measures with %∆BW
%∆BW showed a statistically significant and moder-
ate correlation with change in BIS ECF (rrm= 0.51, 95% 
CI 0.04 to 0.80, p = 0.03) and a strong correlation with 
change in calf circumference (rrm= 0.8, 95%CI 0.51 to 
0.92, p < 0.0001). Correlation of change in remaining 
study measures with %∆BW did not meet the threshold 
for statistical significance (Table 3). In sensitivity analy-
sis with missing values imputed, no significant corre-
lations were found between change in study measures 
and %∆BW (Supplementary Table S4).

Correlation of change in study measures with BIS ECF
Assessment of correlation of change in study meas-
ures with change in BIS ECF showed no statistically 

significant relationships in primary analysis (Table  4) 
and sensitivity analysis (Supplementary Table S5).

BIS TBW compared to  D2O TBW
Mean BIS TBW was 34.5 L, compared to the gold stand-
ard mean  D2O TBW of 32.4  L, showing that BIS TBW 
significantly overestimated TBW compared to  D2O by 
2.2 +/- 1.3 L (95% LOA, -4.75 to 0.42) (Fig. 3).

Discussion
In this pilot study, we evaluated the utility of various 
US, BIS, and anthropometric measures to assess fluid 
removal in children receiving maintenance HD. Multiple 
measures showed significant changes after HD, but BIS 
ECF and calf circumference were the only study meas-
ures to show correlation with %∆BW. The change in 
study measures before and after HD supports the poten-
tial utility of these measures in assessing volume status 
in children on dialysis and a possible role in guiding fluid 
removal.

In our study, average  IVCmin and  IVCmax decreased 
after HD but showed no correlation with %∆BW in indi-
vidual-level analysis. The change in IVC diameter fol-
lowing HD is consistent with prior studies in children 

Table 1 Patient demographics and clinical characteristics

AA African American, ACEI Angiotensin converting enzyme inhibitor, ARB Angiotensin receptor blocker, avg average, CCB Calcium channel blocker, ESKD End-stage 
kidney disease, F Female, FSGS Focal segmental glomerulosclerosis, HD Hemodialysis, HTN Hypertension, M Male, MCD Minimal change disease, min minutes, 
Qb blood flow, UF Ultrafiltration, W White

1 2 3 4 5 6 7 8 Summary (median 
or %)

Age (years) 3.4 9.7 10.4 16.8 17.2 17.4 17.5 18.5 17.0

Gender F M M M F M M M M 75%

Race W W AA AA AA AA AA AA AA 75%

Cause of ESKD Aplasia MCD Obstructive 
uropathy

FSGS FSGS FSGS Dysplasia Obstructive 
uropathy

Duration on HD 
(months)

21.9 4.1 75.2 5.8 2.3 1.4 2.7 2.3 3.4

Vascular access Catheter Catheter Catheter Catheter Catheter Fistula Catheter Fistula Catheter 75%

Dialysis settings (avg per session)
 Duration (hr) 3.9 4.2 4.2 3.7 4.2 3.6 3.3 4.1 4

 Prescribed Qb 
(ml/min)

86 200 150 350 350 350 400 440 350

 UF volume (L) 0.2 1.0 1.2 3.8 2.7 2.1 2.4 3.2 2.25

Number of paired 
pre/post visits

2 5 2 5 1 5 5 4 4.5

Number of anti-
HTN medications

0 2 2 0 2 3 0 3 2.5

HTN medication 
class

- CCB
α1-blocker

CCB
α1-blocker

- CCB
α1-blocker

ARB
α1-blocker
Β-blocker

- CCB
α1-blocker ACEI

anti-HTN medica-
tion 62.5%

Growth hormone Yes No Yes No No No No No Yes 25%

Completed 
isotope visit

Yes Yes No Yes No Yes Yes Yes Yes 75%
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[27, 28]. A study in 16 children on maintenance HD 
evaluating hydration status with echocardiography and 
BIS found a significant decrease in  IVCmin and  IVCmax 
following HD when compared to pre-HD [27]. This 
change did not correlate with overhydration on BIS. 
IVCCI reflects proportion of change in IVC diameter and 
inversely correlates with central venous pressure in chil-
dren with heart disease [29] and has been proposed for 
fluid assessment in patients with ESKD [30]. In a study 
by Haciomeroglu et al. in children on dialysis and healthy 
controls, IVCCI significantly increased after HD and 
approached that of controls, but did not correlate with 
ultrafiltration [28]. Our study did not show a significant 
change in IVCCI after HD, nor a correlation with %∆BW. 
This may relate to limitations of the study including the 
small sample size. The lack of correlation between fluid 
removal and IVC diameter in our study and previous 
studies may be due to the presence of excess fluid mainly 
in the extravascular space in HD patients, which may 
limit the utility of IVC in assessing total excess volume. 
Challenges of IVC measurements in younger children 
include coordination of IVC measurements with the 

respiratory cycle and operator-dependent nature of this 
study.

B-lines on lung US reflect extravascular lung water 
and are typically absent in healthy individuals. Adult 
and pediatric studies have shown a decrease in the num-
ber of lung B-lines with dialysis [7, 31–33] and correla-
tion in the number of lung B-lines with changes in body 
fluid status [32, 34]. In our study, the average number of 
B-lines decreased post-HD, consistent with prior stud-
ies [7, 34]. However, we did not observe a statistically 
significant relationship between change in B-lines and 
%∆BW, likely due to the small number of participants 
in our study. Although we did not detect a relationship 
between B-lines and fluid removal, some literature sug-
gests B-lines may be used to objectively quantify fluid 
overload. In a study using 28 lung windows, Noble et al. 
reported that the number of B-lines decreased by 2.7 for 
every 500 mL of volume removed [32]. Due to its non-
invasive nature and relative ease and portability, lung US 
has potential to be feasible in clinical dialysis settings. 
Typical limitations of lung US such as the inability to dif-
ferentiate between B-lines due to volume overload from 

Table 2 Change in study measures pre-post hemodialysis

BIS Bioimpedance, cm centimeter, DBP Diastolic blood pressure, ECF Extracellular fluid, ICC Intraclass correlation coefficient, IVC Inferior vena cava, IVCCI IVC 
collapsibility index, mm millimeter, ICF Intracellular fluid, kg kilograms, L Liters, m/s meter/second, max maximum, min minimum, mmHg millimeters of mercury, MUAC  
Mid-upper arm circumference, n number, SD Standard deviation, SBP Systolic blood pressure, Wt Weight

Average pre dialysis 
(SD)

Average post dialysis 
(SD)

Change in average study 
measure
[average post-pre]

P-value ICC

Clinical Parameters
 Weight (kg) 54.3 (11.3) 52.4 (11.3) -1.9 < 0.0001 0.99

 SBP (mmHg) 125.8 (6.9) 113.7 (6.94) -12.1 < 0.0001 0.97

 DBP (mmHg) 74.7 (5.0) 68.2 (5.0) -6.5 0.003 0.96

Ultrasound
  IVCmin (cm) 1.2 (0.2) 1.0 (0.2) -0.16 0.04 0.37

  IVCmax (cm) 1.5 (0.2) 1.3 (0.2) -0.24 0.002 0.47

 IVCCI 0.2 (0.03) 0.2 (0.03) -0.02 0.5 0

 Lung B-lines (n) 12.5 (5.2) 9.4 (5.2) -3.2 < 0.0001 0.99

 Muscle Elastography (m/s) 2.6 (0.2) 2.7 (0.2) 0.05 0.75 0.14

 Dermal Thickness (mm) 1.4 (0.15) 1.3 (0.15) -0.12 0.02 0.49

Bioimpedance
 BIS %ECF
[%ECF = ECF/Wt*100]

25.0(0.9) 23.6 (0.9) -1.4 < 0.0001 0.76

 BIS ECF (L) 13.2 (2.3) 12.0 (2.3) -1.3 < 0.0001 0.97

 BIS %ICF
[%ICF = ICF/Wt*100]

30.5 (1.7) 34.3 (1.7) 3.8 < 0.0001 0.88

 BIS ICF (L) 16.9 (3.9) 18.6 (3.9) 1.7 < 0.0001 0.99

Anthropometry
 Triceps Skinfold Thickness (mm) 10.7 (1.7) 10.4 (1.7) -0.3 0.253 0.96

 MUAC (cm) 25.6 (2.7) 25.1 (2.7) -0.5 < 0.0001 0.99

 Calf Circumference (cm) 32.2 (2.8) 31.6 (2.8) -0.6 < 0.0001 0.99

 Ankle Circumference (cm) 19.6 (1.5) 19.3 (1.5) -0.3 0.01 0.97
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those due to interstitial pulmonary fibrosis, heart failure, 
or ARDS [35] are less prevalent in outpatient pediatric 
dialysis population, which may make this technique more 
suitable for clinical adoption.

We investigated two novel US methods to assess 
fluid status in children on HD: muscle elastography to 

measure muscle stiffness and high-frequency US to 
measure dermal thickness. In our subjects, muscle stiff-
ness did not change after HD and did not correlate with 
%∆BW. This may be due to the lack of change in muscle 
stiffness with changes in water content, or perhaps due 
to predominance of fluid removal from the intravascular 
compartment during HD and insufficient wait time to 
allow equilibration with the extravascular compartment. 
Better understanding of the relationship between mus-
cle elastography and fluid status is needed before using 
this method for fluid assessment in HD. We found that 
dermal thickness decreased after HD and showed a posi-
tive but not statistically significant correlation with fluid 
removal. In prior studies, US was able to detect changes 
in dermal thickness in healthy adult volunteers follow-
ing fluid infusion and in adult patients following HD 
[36, 37]. However, there is no reference data on normal 
pediatric dermal thickness on US. Additional studies 
will be needed to establish reference data and quantify 
the change in response to fluid removal to make dermal 
high-frequency US clinically meaningful. With increased 
availability of portable US, dermal US may be a potential 
candidate for non-invasive fluid assessment since images 
can be obtained quickly with minimal training.

Anthropometric measurements are simple, inexpen-
sive methods to assess body composition at the bedside. 
MUAC and calf circumference are used to determine fat 
free mass, and triceps skinfold thickness measures sub-
cutaneous fat [19]. Given that excess fluid is found in 
the dermis and may be reflected in these measurements, 
we explored the potential role of these methods in fluid 
assessment. In our study, MUAC and calf circumference 
decreased with HD, as expected. Change in calf circum-
ference showed a strong correlation with %∆BW suggest-
ing a significant change in the “volume” of calf muscle. 
Although the absolute change is relatively small, this 
strong correlation suggests the calf may be a good can-
didate to assess change in fluid status on dialysis, poten-
tially when combined with segmental BIS of the calf. 
Surprisingly, change in calf circumference did not show 
a correlation with BIS ECF. We expected a correlation 
given the large water content in muscles [9]. The lack of 
correlation may be due to the limitations of precision 
of the BIS device, measurement of calf circumference, 
or the small number of subjects. Ankle circumference 
showed significant decrease but did not correlate with 
%∆BW. We found that triceps skinfold thickness, a meas-
ure that is typically used to evaluate nutritional status, 
did not change following HD and was not correlated with 
%∆BW. This finding suggests that triceps skinfold thick-
ness is not influenced by body fluid status, which pro-
vides some reassurance that it may provide a consistent 

Table 3 Correlation of change in study measures and clinical 
parameters with %∆BW

%∆BW Percent change in body weight, DBP Diastolic blood pressure, ECF 
Extracellular fluid, IVC Inferior vena cava, IVCCI IVC collapsibility index, ICF 
Intracellular fluid, max maximum, min minimum, SBP Systolic blood pressure

Measurement r rm (95% CI) P-value

Ultrasound
 Change in  IVCmin -0.04 (-0.51, 0.45) 0.9

 Change in  IVCmax 0.16 (-0.35, 0.60) 0.5

 Change in IVCCI -0.04 (-0.51, 0.45) 0.9

 Change in Lung B-lines -0.41 (-0.74, 0.10) 0.1

 Change in Muscle Elastography 0.03 (-0.48, 0.52) 0.9

 Change in Dermal Thickness 0.26 (-0.29, 0.68) 0.3

Bioimpedance
 Change in ICF -0.11 (-0.56, 0.39) 0.6

 Change in ECF 0.51 (0.04, 0.80) 0.03
Anthropometry
 Change in Triceps Skinfold Thickness 0.29 (-0.22, 0.67) 0.2

 Change in MUAC 0.27 (-0.25, 0.66) 0.3

 Change in Calf Circumference 0.80 (0.51, 0.92) < 0.0001
 Change in Ankle Circumference 0.08 (-0.41, 0.54) 0.7

Clinical Parameters
 Change in SBP 0.15 (-0.36, 0.59) 0.6

 Change in DBP -0.09 (-0.55, 0.41) 0.7

Table 4 Correlation of change in study measures with change in 
ECF measured by BIS

BIS Bioimpedance, ECF Extracellular fluid, IVC Inferior vena cava, IVCCI IVC 
collapsibility index, ICF Intracellular fluid, max maximum, min minimum, MUAC  
Mid-upper arm circumference

Measurement r rm (95% CI) P-value

Ultrasound
 Change in  IVCmin -0.34 (-0.70, 0.17) 0.2

 Change in  IVCmax -0.19 (-0.61, 0.32) 0.4

 Change in IVCCI 0.24 (-0.27, 0.65) 0.3

 Change in Lung B-lines -0.28 (-0.67, 0.24) 0.3

 Change in Muscle Elastography -0.004 (-0.50, 0.49) 0.9

 Change in Dermal Thickness 0.02 (-0.50, 0.52) 0.9

Anthropometric Measurements
 Change in Triceps Skinfold Thickness -0.06 (-0.52, 0.44) 0.8

 Change in MUAC 0.05 (-0.44, 0.52) 0.8

 Change in Calf Circumference 0.29 (-0.22, 0.68) 0.2

 Change in Ankle Circumference -0.02 (-0.50, 0.47) 0.9
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assessment of nutritional status in children on HD with-
out interference from volume overload.

Bioimpedance has been proposed as a rapid, non-
invasive method for fluid assessment. However, clinical 
application remains challenging due to several reasons 
including lack of manufacturing standards, variability in 
measurements related to technique, and the inability to 
use devices interchangeably [34]. In addition, the large 
discrepency in BIS estimates compared to dilution meth-
ods in dialysis patients limits clinical applicability [38, 39]. 
We used the Xitron Hydra 4200b to assess change in BIS 
estimates in relation to HD. The preceding generation of 
this device has been validated in healthy subjects relative 
to isotope dilution [40, 41]. Despite published concerns 
regarding the BIS estimates of the device, we used the val-
ues provided by the machine to reflect clinical application 
of the device. As expected, mean BIS %ECF decreased 
with HD and BIS ECF showed a positive correlation with 
%∆BW. Although an increase in ICW following HD is 
unexpected, it has been proposed that the rapid decrease 
in extracellular BUN may result in delayed osmotic equi-
libration between ECW and ICW, leading to water move-
ment into the intracellular compartment [42–44]. This 
observation has also been reported by other investigators 
using bioimpedance [16]. The change in absolute BIS esti-
mates of TBW (ECF + ICF) were significantly different 
than average change in weight (Table 2), consistent with 

findings reported by Milani et al. regarding the precision 
of BIS in dialysis [38]. The relationship between change 
in ECF and %∆BW was modest (r = 0.51), likely reflect-
ing the limitations of TBW estimates in this population. 
When compared to the gold standard of  D2O, BIS TBW 
showed good correlation but significantly overestimated 
TBW by 2.2  L. This bias, possibly more prominent in 
younger children due to higher TBW to body weight ratio 
[38], is significant considering that this difference may be 
larger than absolute weight change during a single HD 
session. Our results are consistent with findings that have 
found wide LOA when comparing bioimpedance to deu-
terium [38, 39]. The accuracy of prediction of ECF and 
ICF using BIS depends on assumed values for tissue resis-
tivity which in turn is affected by several factors, making 
it difficult to compare data using different devices [45]. In 
addition, this device has not been validated in children on 
HD to our knowledge. Bioimpedance estimates seem to 
be consistent at a population level but not on an individ-
ual basis [46]. This suggest that BIS may be useful in mon-
itoring the relative change in fluid rather than the absolute 
value of estimated volume. Our findings also suggest that 
the BIS device algorithms to calculate TBW in this device 
may be less accurate in children on HD compared to  D2O. 
Nevertheless, the portable, non-invasive nature of BIS 
makes this method appealing as a potential candidate for 
future studies.

Fig. 3 Bland-Altman plots showing agreement between TBW assessed by  D2O and by BIS. Solid red line: mean of the difference. Dashed lines: 95% 
limits of agreement (LOA). BIS: bioimpedance spectroscopy,  D2O: deuterium oxide, L: liters, TBW: total body water
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Average systolic and diastolic BP decreased after HD, 
but the decrease in BP did not correlate with %∆BW. This 
is consistent with prior studies that showed fluid overload 
contributes to an elevated BP but is not the only factor 
[47]. Change in BP may be due to other factors includ-
ing white-coat effect, technique of measurement, and 
increased renin secretion. In our patients, clinical exam 
findings of fluid overload were lacking at most study vis-
its and provided limited input in the assessment of fluid 
status.

Collectively, several study measures showed promis-
ing results warranting additional investigation and cor-
relation of use with outcome. Lung US, dermal US, and 
BIS are non-invasive techniques that can be used at the 
bedside with a portable device, and anthropometric 
measures such as calf circumference can be performed 
without the need for specialized equipment. Potential 
scenarios could include the use of a combination of these 
non-invasive techniques to assess “fluid overload score” 
in patients at regular intervals to help guide clinicians in 
fluid removal. Other uses could include evaluation for 
volume overload in patients with acute kidney injury, 
heart failure, or liver disease. These measures could also 
be helpful to monitor change of fluid status from base-
line in patients at risk of volume overload and could aid 
decision-making regarding timing of dialysis initiation.

Our pilot study has several strengths and limitations. 
Strengths include repeated measures in each participant, 
temporal relationship of study measures to dialysis, rig-
orous study methodology, and use of  D2O isotope dilu-
tion as a gold standard. Study measures were repeated 
on different days to capture variations of volume status. 
Radiologic and anthropometric studies were obtained 
by trained personnel to ensure consistent and reproduc-
ible measurements. Although this may not be feasible in 
other settings with limited resources, it provided a more 
accurate assessment of the study measures. The main 
limitation is the small number of participants in a single 
center, which limited our power to detect some differ-
ences. However, our study provides encouraging data to 
further explore noninvasive measures such as US, BIS, 
and anthropometrics to inform clinical decisions regard-
ing fluid removal for children on dialysis.
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