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Abstract
Point-of-care ultrasound (POCUS) has evolved in recent years in clinical practice, helping in early bedside diagnosis of 
important etiologies. Many medical schools and training programs are integrating POCUS into their curriculum. Especially 
with the technological advances of newer handheld ultrasound devices, POCUS has now become a component adjunct to 
clinical examination, in the clinic and bedside in critical care units. The diagnostic utility of POCUS lies both in early iden-
tification of critical kidney disease, and also extra-renal pathologies from a focused cardiac ultrasound, lung ultrasound, and 
integrated fluid assessment. There is a need to incorporate POCUS in training in pediatric nephrology and establish com-
petency standard criteria. This review shall cover how POCUS helps in enhancing patient care in pediatric kidney disorders 
and critical children, and the recent advances.
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Background

Ultrasonography has evolved as a first-line imaging tool 
for the diagnosis of a wide range of ailments owing to its 
enhanced portability, availability, low cost, and lack of 
radiation exposure. An increasing number of clinicians are 
incorporating multi-organ point-of-care ultrasonography 
(POCUS) into their practice as a bedside diagnostic tool to 
supplement physical examination. Accordingly, several med-
ical schools and post-graduate training programs including 

pediatric specialties have integrated POCUS into their cur-
ricula [1, 2].

Studies have shown that clinician-performed ultrasound 
frequently changes the diagnosis and leads to appropriate 
management compared to conventional physical examina-
tion in various clinical settings. In addition, POCUS has the 
potential to reduce further diagnostic workup and unnecessary 
radiation exposure [3]. Moreover, when the treating physi-
cian performs ultrasound at the bedside and discusses the 
findings with patients, their understanding of the diagnosis 
and contributing factors is enhanced. Nephrologist- or urol-
ogist-performed kidney POCUS allows assessment of renal 
parenchymal characteristics, structural renal abnormalities, 
stone disease, congenital urinary tract abnormalities, and 
the progression of cystic kidney diseases in the clinic and 
facilitates timely management [4, 5]. However, POCUS is a 
limited ultrasound examination intended to answer focused 
clinical questions and must not be viewed as an alternative to 
radiologist-performed comprehensive ultrasound.

This current educational review focuses on the POCUS 
equipment; technology; outpatient and inpatient assessment 
of the kidney, urinary tract, and hemodynamic status; and 
the use of POCUS-related interventions in pediatric nephrol-
ogy practice. The current review shall also serve as a guide 
for the pediatric nephrologist to implement a POCUS pro-
gram at the departmental level.

Dr. Sidharth Kumar Sethi and Dr. Rupesh Raina shall be first 
authors.
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Equipment and technology

Ultrasound probes—conventional and the newer 
point‑of‑care devices

Over the past several decades, technological advances have 
aided in the development of compact, portable, and high-
quality ultrasound machines [6]. Clinical ultrasound essen-
tially involves conversion of electrical energy into sound 
energy and vice versa using piezoelectric crystals in the 
transducer (probe). When stimulated by an electric current, 
these crystals vibrate and produce ultrasound waves. The 
ultrasound waves are then transmitted into the tissues, which 
reflect them back. The returning echoes are converted into 
electrical signals by the crystals and displayed as a 2-dimen-
sional gray-scale image. While the detailed description of 
ultrasound physics is beyond the scope of this manuscript, 
key principles behind wave generation and propagation 
are summarized in Fig. 1. The commonly used ultrasound 
probes and their uses in pediatric practice are shown in 
Table 1 and Figs. 2, 3, and 4. In addition to conventional 
probes, specialized probes with a smaller footprint (shape 
and the size of the face) and higher frequency (resolution) 
are available for use in the pediatric population [6–8].

The advent of handheld ultrasound devices (HUD) in the 
recent past has revolutionized the landscape of POCUS. As 
the name suggests, these devices are ultraportable and can 
often be carried in a coat pocket and use a tablet or cellphone 
for image display. Moreover, HDUs are much cheaper than 
the traditional cart-based machines. While most of these 
devices use the same piezoelectric crystal technology as the 
cart-based systems, some such as Butterfly® use capacitive 
micro-machined ultrasound transducers on complementary 
metal oxide semiconductors (CMUT-on-CMOS technology). 
This new technology allows a single probe to operate at mul-
tiple frequencies and hence image different parts of the body 
without having to switch transducers [8, 9]. Image quality 
varies with the type and cost of the device, though, in gen-
eral, it is inferior to that of traditional systems. Nevertheless, 
it is sufficient to answer most of the focused clinical ques-
tions encountered in day-to-day nephrology practice. Some 
HUDs offer artificial intelligence (AI)-based features such as 
automatic calculation of the urinary bladder volume and left 
ventricular ejection fraction, which save time in the point-of-
care settings, such as a busy clinic. AI-guided image acquisi-
tion is another attractive feature, particularly for institutions 
where the availability of POCUS-trained faculty is limited. 
Like traditional portable ultrasound machines, most HUDs 

Fig. 1   Physics behind ultrasound: basic physics concepts behind 
ultrasound imaging. A, B Depict the ultrasound wave as a sine wave. 
The wave travels through the tissue at a specified wavelength deter-
mined by the frequency (to which it is inversely related) at a specified 
amplitude. Frequency is the pitch, whereas amplitude is referred to as 

the loudness of the tone. C Denotes pulse length, or duration, which 
is associated with the transducer frequency (to which it is inversely 
related). The rate at which the pulses are emitted is referred to as 
pulse repetition frequency
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have the capability to save images to the picture archiving 
and communications system (PACS) used by the hospitals 
or separate cloud-based secure servers. This streamlines 
the process of image archiving, which is vital for providing 

feedback to trainees, sharing images with experts as well 
as facilitates billing for the scans. In addition, some of the 
HUD companies provide innovative audio-visual platforms 
that facilitate remote ultrasound instruction to trainees as 
well as interact with experts at a different institution. This 
offers a unique advantage in the setting of travel restrictions 
and physical distancing requirements during the COVID-19 
pandemic [8–10].

Table 1   Characteristics of common ultrasound transducers

Transducer Configuration Imaging depth Frequency (Hz) Application

Standard linear Long, narrow rectangular probe face 9 cm 5–13 Visualization of superficial struc-
tures—pleural ultrasound, pro-
cedural guidance such as dialysis 
catheter placement

Neonatal/pediatric linear Hockey stick configuration 7–22 Lungs in neonates and infants along 
with superficial structures. Fits in 
better between the ribs in smaller 
children

Phased array Small, square probe face 35 cm 1–5 Deeper penetration, primarily used 
for cardiac ultrasound. Abdominal 
structures can be visualized but not 
optimal

Neonatal/pediatric phased array Square or rectangular probe face 4–8 It has a smaller footprint to fit better 
between rib spaces

Curvilinear Curved or rectangular probe face 30 cm 1–5 Deeper penetration, provides a wider 
field of view

Abdominal and thoracic face visuali-
zation, including renal, aorta, IVC, 
bladder, bowel

Procedural guidance such as kidney 
biopsy

Fig. 2   Micro-convex array ultrasound transducer with frequency of 4 
to 10 MHz, indicated for pediatric use as it has a small footprint

Fig. 3   Convex and linear transducer. Left image: convex transducer 
with frequency of 3 to 5 MHz. They have a curved array that allows 
wider field of view. These are used for abdominal scans and have 
deeper penetration due to low frequency. Right image: linear trans-
ducers have a flat array and appearance. They have high frequency 
and are useful for small parts and shallow structures near the surface 
of the body. They produce a rectangular image with frequency rang-
ing from 9 to 14 MHz
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However, HUDs are not without limitations. First of 
all, the user must have a good understanding of the sono-
graphic applications they want to perform, and whether 
their HUD offers the necessary image quality and modes/
options. For example, while the image quality of most HUDs 
is adequate to exclude hydronephrosis, it is not optimal for 
reliable assessment of renal parenchymal characteristics 
or identification of small lesions such as stones. Depend-
ing on the options purchased, it might not be possible to 
perform assessments such as renal artery resistive index or 
venous congestion. Secondly, technical issues such as low 
battery life/limited scan time, overheating, and financial 
aspects such as recurring subscription must be taken into 
consideration while purchasing a HUD. In addition, using 
personal display devices such as physicians’ cellphone may 
pose problems related to patient confidentiality and data 
breach, especially if the device is lost. We strongly recom-
mend using hospital-provided encrypted tablets/phones with 
HUDs and not to enter any identifiable patient data unless 
the device is connected to institutional PACS [8–10].

Ultrasound modes/image display

There are several modes of ultrasound display used for various 
purposes [10]. B-mode, or brightness mode, denotes the regu-
lar 2-dimensional gray-scale display. M-mode, or motion/time 
mode, is a uni-dimensional image obtained by plotting the 
movement of a structure over time used to evaluate excursion 
of the cardiac valves, pleural sliding, respiratory variation of 
inferior vena cava, etc. Color Doppler allows the detection of 
blood flow and its direction by analyzing the frequency infor-
mation of returning signal from the blood vessels. Red color 

indicates flow towards the transducer whereas blue denotes 
away from it. Spectral Doppler, on the other hand, provides a 
graphical representation of the blood flow. It has two variants, 
namely pulsed wave Doppler (PWD) and continuous wave 
Doppler (CWD). PWD allows measurement of blood velocity 
at a particular location and CWD allows gauging peak velocity 
across cardiac valves [10–12].

On B-mode imaging, structures appear in various shades 
of gray ranging from white to black. An ultrasound image is 
described in terms of “relative echogenicity,” which essentially 
means how bright or dark a structure appears compared to the 
adjacent area (Fig. 5). A bright structure (more reflective to 
ultrasound waves) is described as hyperechoic, darker struc-
tures as hypoechoic and black structures (good transmitters of 
ultrasound waves) as anechoic. Structures that are of similar 
brightness to the area being compared are labeled as isoechoic. 
For example, fibrous structures such as the renal capsule, dia-
phragm, renal sinus fat, stones, and bones are hyperechoic. 
The renal cortex is either isoechoic or hypoechoic compared 
to that of the liver and spleen (older children); medullary pyra-
mids are hypoechoic relative to the renal cortex. Clear fluids 
such as urine, flowing blood, and ascites are typically anechoic 
[11, 12]. It is notable that air appears as a bright structure on 
ultrasound image, as it scatters the sound waves. Therefore, 
evaluation of a structure containing air is a limitation of ultra-
sound, because air does not allow proper visualization of the 
underlying pathology.

In ultrasonography, image quality is determined by the 
distance between the area of interest and the transducer; the 
smaller the distance, the better the quality. In addition, fre-
quency of the ultrasound beam is inversely related to the depth 
of penetration and directly related to image resolution. A high-
frequency linear transducer is typically used in neonates and 
small children as the depth of penetration is relatively short, 
which results in high-resolution images. For older children, 
lower frequency probes are optimal for transabdominal imag-
ing while higher frequency probes are used to image superfi-
cial structures such as neck vessels [13]. Sometimes, it helps to 
switch probes; for example, using a linear transducer to assess 
renal parenchyma and changing to curvilinear to measure 
accurate kidney length.

Clinical uses

Renal ultrasonography is commonly used as the initial 
screening examination in pediatric nephrology and urology 
patients to assess congenital anatomical variants of the kid-
ney and urinary tract, urolithiasis, nephrocalcinosis, renal 
fusion, bladder outlet obstruction, cystic kidney diseases, 
hydronephrosis, and vascular anomalies (Table 2) [14, 15]. It 
is imperative that the POCUS-performing clinician has thor-
ough understanding of the pediatric pathology as it can be 

Fig. 4   Cross section of the transducer
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quite different compared to adults. Some of the commonly 
encountered abnormalities in day-to-day clinical practice 
are discussed below. Notably, current handheld ultrasound 
technology is not optimized for detailed assessment of the 
kidneys, although adequate for identifying hydronephrosis 
and large cysts/stones. Nephrologists must be aware of the 
limitations of the equipment they are using, particularly 
when excluding a pathology at the bedside.

Certain differences exist between the kidneys of older 
children and adults compared to that of neonates. Firstly, 
fetal lobulations are prominent in neonates compared to 
older children and adults. Secondly, neonates have a lower 
sinus fat content and as a result, central renal echogenicity is 
not as readily observed. Thirdly, the renal cortex of neonates 
tends to be hyperechoic compared to the liver, whereas, it 
gradually decreases by the age of 4–6 months and even-
tually becomes hypoechoic. In all age groups, the renal 
pyramids are hypoechoic when compared with the cortex. 
The anatomical vasculature of the cortex contributes to the 
appearance of the renal cortex as striations visible on high-
frequency transducers, whereas the collecting ducts con-
tribute to the appearance of striations in the renal medulla. 
Also, in neonates, the renal cortex is much thinner, making 

the pyramids look larger as compared to those visualized in 
older children (Fig. 6) [13, 16, 17].

Bedside assessment of the kidneys and urinary tract 
with POCUS

Horseshoe kidney

Horseshoe kidney is the most common renal fusion anomaly, 
with fusion at the lower poles being the predominant variant. 
Bedside ultrasound can quickly establish the diagnosis by 
demonstrating the presence of the isthmus and its continuity 
with the lower kidney poles. In addition, complications asso-
ciated with horseshoe kidney such as stones, hydronephrosis, 
and cysts may also be detected using POCUS. Nevertheless, 
caution must be exercised in obese patients and horseshoe 
kidney with fibrous isthmus, as ultrasound is not sensitive 
in such cases [18].

Cystic kidney disease

Kidney cysts can be unilateral or bilateral and focal or diffuse. 
In children, hereditary cystic diseases are more common than 

Fig. 5   Relative differences 
between hyperechoic, isoec-
hoic, hypoechoic, and anechoic 
ultrasound images
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acquired cystic diseases, unlike adults. Cysts generally appear 
as well-circumscribed anechoic structures on ultrasound. Some 
key entities are discussed below. In multicystic dysplastic kidney 
(MCDK), renal parenchyma is echogenic, dysplastic, and inter-
spersed with numerous noncommunicating cysts of various sizes 

(ranging from ≥ 1 mm to a few centimeters) [19] (Fig. 7a). Hyper-
trophy of the contralateral kidney can be often noted on POCUS. 
On the other hand, autosomal dominant polycystic kidney disease 
(ADPKD) is generally associated with bilateral cysts (though 
not a rule) and a positive family history (Fig. 7b). In autosomal 

Table 2   Renal pathologies in relation to their generalized ultrasound findings

Pathology Generalized Ultrasound Imaging

Congenital anatomical variants Horseshoe kidney The upper portion of each kidney in the low paraspinal loca-
tion

Ureteropelvic junction obstruction Abnormal dilatation of the pelvicalyceal system
Bladder outlet obstruction Bilateral hydroureteronephrosis and bladder wall thickening
Cystic kidney disease Multicystic dysplastic kidney Multiple cysts of various sizes that do not communicate

Autosomal dominant polycystic kidney disease Small bilateral simple renal cysts with or without kidney 
enlargement

Autosomal recessive polycystic kidney disease A sponge-like kidney appearance with small uniform cysts
Nephronophthisis Small kidneys with increased echogenicity and loss of corti-

comedullary differentiation
Kidney stone disease Radiopaque and nonopaque urinary tract stones with acoustic 

shadowing
Nephrocalcinosis Medullary Loss of normal papillary hypoechogenicity and increased 

medullary echogenicity
Cortical Hyper-echogenic cortex

Hydronephrosis Antenatal Urinary tract dilation
Postnatal Collecting system dilation

Vascular anomalies Renovascular hypertension Turbulent flow and aliasing, slow systolic acceleration, and 
diminished peak systolic velocity

Renal vein thrombosis Elevation of the arterial resistive index
Arteriovenous malformation and fistula Turbulent flow and arterial velocity in the draining veins
Nutcracker syndrome Elevated velocity of the narrowed left renal vein or retro-aortic 

left renal vein

Fig. 6   Ultrasound images 
highlighting differences in echo-
genicity in adults [left image] 
as compared to neonates [right 
image]. In neonates, the renal 
cortex is much thinner, therefore 
it makes the pyramids larger as 
compared to those visualized in 
the older children
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recessive polycystic kidney disease (ARPKD), the kidneys are 
enlarged with retention of the reniform shape. The cysts are small 
and POCUS with curvilinear transducer does not necessarily 
demonstrate them but just increased parenchymal echogenicity 
with loss of cortico-medullary differentiation (Fig. 7c). A high-
frequency transducer is often necessary to identify the cysts, 
which appear as elliptical anechoic structures oriented perpen-
dicular to the cortex [20]. POCUS findings in nephronophthisis 
are nonspecific and include normal to small-sized kidneys with 
increased echogenicity bilaterally (Fig. 7d). Cysts are usually 
located at the corticomedullary junction and may or may not be 
detected on POCUS depending on the size. Based on the above 
discussion, it is conceivable that POCUS allows detection of 
gross abnormalities such as larger cysts, parenchymal character-
istics, and kidney size, which should prompt further evaluation. 
It must not be perceived as a rule out test.

Kidney stone disease

POCUS identifies both radiopaque and radiolucent urinary 
tract stones (calculi) which appear as echogenic foci with 

acoustic shadowing. Ultrasound is more sensitive for iden-
tifying calculi > 3 mm and cannot rule out smaller stones; 
hence alternative imaging such as CT scan must be con-
sidered when the suspicion is high, but POCUS is nega-
tive (Fig. 8). POCUS can be extremely useful in emergent 
conditions of children presenting to emergency with colic 
and even anuria, as in the case shown in Fig. 8. Most stones, 
particularly the rougher ones demonstrate twinkling artifact 
on color Doppler that appears similar to turbulent blood flow 
with mixed colors. Knowledge of this artifact is particu-
larly useful when the acoustic shadowing is not apparent on 
greyscale images. However, its sensitivity and specificity in 
children are relatively low compared to that of adults [21].

Nephrocalcinosis

Nephrocalcinosis can either be medullary or cortical in 
nature, though medullary involvement is more common 
given the concentrating effects in the loops of Henle. Ultra-
sonography of medullary nephrocalcinosis is character-
ized by increased medullary echogenicity in addition to the 

Fig. 7   POCUS in cystic kidney disease in childhood. a Multicystic 
dysplastic kidney: the right kidney shows multiple cysts with inter-
vening parenchyma showing increased echogenicity. b Autosomal 
dominant polycystic kidney disease: normal-sized kidneys show-
ing multiple cysts. Some of the cysts show internal septation. There 
is mildly increased cortical echogenicity. Left kidney on left, right 
kidney shown on the right. c Autosomal recessive polycystic kidney 

disease: bilaterally enlarged kidneys with increased cortical echo-
genicity and multiple cysts involving both the cortex and medulla. No 
hydronephrosis is present. d Nephronophthisis: normal-sized kidneys 
showing increased cortical echogenicity with poor corticomedullary 
differentiation in a 2-year-old child with a pathogenic mutation. No 
sizable cysts could be appreciated
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presence of calcifications within the renal parenchyma or 
outside the collecting system (Fig. 9). Cortical calcinosis is 
simply defined with a hyperechogenic cortex when diffuse.

Vascular abnormalities

Abnormalities such as large arteriovenous malformations 
and post-biopsy arteriovenous fistula may be readily detect-
able on POCUS using color Doppler [22, 23]. On the other 
hand, diagnosis of renal artery stenosis and renal vein throm-
bosis involves expertise in using spectral Doppler and is gen-
erally considered beyond the scope of POCUS. However, 
clues such as differences in the size of the kidneys in severe 
renovascular hypertension or absence of flow with visible 
echogenicity in the main renal vein may still be picked up 
on bedside evaluation [22, 23].

Allograft dysfunction

POCUS is a valuable adjunct in managing patients with sus-
pected allograft dysfunction. In the immediate postoperative 
period, a dysfunctional allograft typically shows hypoechoic 
and swollen parenchyma with a loss of normal corticomed-
ullary differentiation and poor color flow; PWD evaluation 
may reveal elevated arterial resistive indices [14, 15, 24–26]. 
In addition, special attention must be paid to peri-nephric 
areas for collections such as hematoma, urinoma, lympho-
cele, etc.

Urinary tract obstruction

The uretero-pelvic junction is a frequent site of congeni-
tal urinary tract obstruction leading to hydronephrosis, 
which can be readily detected on POCUS. In one study, the 
sensitivity and the specificity of POCUS were 76.5% and 
97.2% respectively to detect hydronephrosis in a pediatric 

Fig. 8   Ultrasound of a 10-year-old boy with cystinuria and recur-
rent urolithiasis needing multiple procedures. POCUS in this child 
revealed bilateral calculi and suspicion of bilateral vesicoureteric 
calculi causing colic and anuria: (A) ultrasound image of the right 
kidney showing an echogenic calculus in the lower calyx, (B) hydro-
ureteronephrosis in the right kidney, (C) transverse view of the ultra-
sound of the urinary bladder showing prominent bilateral distal ure-
ters just before the vesicoureteric junction

Fig. 9   Nephrocalcinosis: normal-sized kidneys with diffusely echo-
genic medullary region including pyramids along with punctate echo-
genic foci in the medulla, some of which are conglomerate in places 
and show acoustic shadowing. No evidence of hydronephrosis
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population [24]. Pelvicalyceal dilatation can be of varying 
degrees with or without associated hydroureter depending on 
the site of obstruction (Figs. 10 and 11). In children present-
ing with hydronephrosis and fever or hematuria, the presence 
of echogenicities within the dilated collecting system should 
raise the concern for pyonephrosis or hemorrhage. Ability 
to identify such abnormalities in the nephrology clinic using 
POCUS without having to wait for formal imaging quickly 
changes the management.

Similarly, bladder outlet obstruction can occur in chil-
dren from several causes including posterior urethral valves 
and neurogenic bladder, which eventually could lead to 
vesicoureteric reflux, recurrent infections, hydronephrosis, 
and renal parenchymal damage [25]. In such cases, POCUS 
findings in conjunction with relevant history can alert the 
nephrologist to obtain further investigations; urgently cath-
eterize the child before the surgeon arrives in the neonatal 
intensive care.

Urinary bladder

The utility of bladder POCUS includes evaluation of struc-
tural abnormalities, including wall thickness (Fig. 12) and 
abnormal contents. A thickened bladder wall may be indic-
ative of abnormalities such as a neurogenic bladder or dis-
tal obstruction. While echogenic contents maybe expected 
in dehydrated children, they may also indicate debris or 
hemorrhage depending on the clinical context. Other 
abnormalities such as bladder stones and ureteroceles must 
be watched for. Stones appear as hyperechoic structures 
whereas ureterocele is a thin-walled intra-vesicular cystic 
structure. Assessment of bladder volume and post-void 
residual (PVR) prior to attempting urethral catheterization 

may prevent failed attempts. A full bladder allows optimal 
assessment of all these parameters; it might be worthwhile 
to examine the bladder before kidneys in small children 
as probe manipulation on the abdomen might stimulate 
micturition [27–31].

Evaluation of hemodynamic status in critical 
illnesses

Assessment of fluid and hemodynamic status is crucial 
for evaluating the derangements in blood pressure and 
fluid–electrolyte balance seen in critical children with AKI 
and stage 5 chronic kidney disease (CKD 5). Information 
gleaned from the sonographic assessment of the lungs, 
heart, and abdominal veins addresses the frequent dilemma 
in nephrology practice: “to fill or not to fill” (Table 3) [32].

Lung ultrasound

In the past several years, lung ultrasound (LUS) has 
emerged as a reliable tool for the assessment of extravas-
cular lung water (EVLW), particularly in adult patients 
with critical illness, heart failure, and CKD 5 [32–38]. 
Because of its technical simplicity and proven superi-
ority over conventional physical examination, pediatric 
nephrologists are increasingly adopting this technique as 
a bedside diagnostic aid. As mentioned, air scatters the 
ultrasound beam and does not allow proper visualization 
of underlying structures. Therefore, air-filled lung tissue 
cannot be seen on ultrasound and LUS essentially involves 

Fig. 10   Pelvic-ureteric junction obstruction: hydronephrosis (SFU-3) 
including dilated renal pelvis in a 2-year-old child. Cortical thickness 
is maintained

Fig. 11   Antenatally diagnosed hydronephrosis: ultrasound image 
showing hydronephrosis [SFU-3] in a 3-month-old child followed 
since the antenatal period
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interpretation of artifacts. The pleural line appears as a 
bright linear structure with a shimmer (rhythmic to-and-
fro movement) that represents pleural sliding. Normal 
lung demonstrates horizontal hyperechoic artifacts placed 
equidistantly called the A-lines that are created by ultra-
sound reverberation from the pleural interface (Fig. 13a). 
On the other hand, vertical hyperechoic artifacts called 
the B-lines represent interlobular septal thickening 
(typically but not exclusively due to EVLW) (Fig. 13b). 
B-lines arise from the pleural line, extend to the bottom of 
the screen without fading, and move synchronously with 
lung sliding [39–41]. In general, the presence of three 
or more B-lines per intercostal space is considered sig-
nificant; interstitial syndrome/pulmonary edema is char-
acterized by B-lines in multiple scan zones bilaterally. 

Further, counting the total number of B-lines using a 
pre-defined scanning protocol allows semi-quantitative 
estimation of EVLW, which in turn can be used to titrate 
ultrafiltration or diuretic dosing in patients with AKI and 
CKD 5 [26, 31–33]. It is of note that B-lines are not spe-
cific for pulmonary edema. They can be seen in condi-
tions such as pneumonia, parenchymal lung disease, and 
lung contusion; B-lines must be interpreted in the right 
clinical context together with corroborating sonographic 
parameters, for example, irregular pleural line in non-
cardiogenic causes. Moreover, as the fetal lung has high 
fluid content, B-lines are often seen in neonates without 
respiratory distress and usually disappear by the third day 
[42]. The zones/regions of evaluation vary widely in the 
literature. In adult patients, an 8-zone method is widely 

Fig. 12   Bladder: left transverse, right sagittal view (arrow, bladder thickness)

Table 3   Typical sonographic 
findings in different types of 
shock

* Measurement of cardiac output involves spectral Doppler imaging, which requires a higher operator skill 
level

Sepsis Focused cardiac ultrasound imaging Lung ultrasound imaging

Hypovolemic Hyperdynamic LV
↓ Cardiac output*
Small collapsible IVC

A-lines

Cardiogenic ↓ LV function
↓ Cardiac output
Dilated IVC

B-lines
Pleural effusions

Obstructive Pericardial effusion
Dilated right ventricle with interventricular septal  

flattening (in pulmonary embolism)
↓Cardiac output
Dilated IVC

A-lines
Focal B-lines may be 

seen with large lung 
infarcts

Distributive Varying LV function (usually hyperdynamic)
↑ Cardiac output
Variable IVC

A-lines
Focal B-lines/hepa-

tization in case of 
pneumonia

1742 Pediatric Nephrology (2023) 38:1733–1751



1 3

popular (4 zones in each hemithorax) though most stud-
ies in hemodialysis patients used a more comprehensive 
28-zone method [43]. In pediatric literature, a 12-zone 
method is commonly described in stable patients where 
each hemithorax is divided into 6 regions using 3 lon-
gitudinal lines—anterior axillary, posterior axillary, and 
spine, and a horizontal line just above the nipple [44].

The M-mode of the lung ultrasound helps to understand 
that the to-and-fro sliding movement of the lung at the 
pleural line relative to superficial tissue. The seashore sign 
indicates to the clinician that the pleural line also is the 
visceral pleura and is present in a normal lung (Fig. 14). 
Both the seashore sign and the A-lines make the A-profile, 
giving information at the level of capillary pressure. In 
pneumothorax, a pattern involving M-mode, which is for 
motion, existence of A-lines, non-appearance of B-lines, 
and visualization of lung point, which is a specific indica-
tor, is seen [41].

LUS is also a sensitive tool to diagnose pneumonia 
and significantly outperforms auscultation in pediatric 
patients [45]. In adult patients with acute respiratory dis-
tress syndrome (ARDS), the diagnostic accuracy of LUS 
has shown to be higher than that of auscultation as well as 
chest radiography for the diagnosis of alveolar consolida-
tion and alveolar-interstitial syndrome [33]. A consolidated 
lung appears like the liver in echotexture (hepatization); 
branching, mobile, echogenic foci may be seen within the 
consolidation representing dynamic air bronchograms. In 
addition, the utility of LUS in identifying pleural effusions 
is well established. LUS can detect effusions as small as 
10–20 mL, while chest radiograph needs about 200 mL [33, 
46, 47]. Sonographically, effusion appears as an anechoic 
area above the diaphragm (Fig. 15) and the atelectatic lung 
is frequently seen floating within. Pneumothorax is another 
pathology that may be encountered by pediatric nephrolo-
gists, especially in the context of procedural complications, 
and another indication for learning LUS-POCUS especially 
for pediatric nephrologists. The diagnostic accuracy of LUS 
for detection of pneumothorax is comparable to that of CT 
and exceeds that of plain radiographs [48]. The absence of 
pleural sliding on LUS has a specificity and sensitivity of 
91.1 and 95.3%, respectively for the detection of pneumotho-
rax [44]. The specificity approaches 100% when a lung point 
is identified (junction between the non-sliding and sliding 
pleura) [49]. LUS can also be used for procedural guidance 
to drain pleural effusion and chest tube placement, which 
reduces the rate of complications [50].

Focused cardiac ultrasound

Focused cardiac ultrasound is a limited sonographic 
examination of the heart to answer a focused clinical ques-
tion and/or guide a procedure such as pericardiocentesis 
[51–55]. Comprehensive echocardiogram performed by 
the cardiology department typically involves acquisition 
of multiple cardiac views and documentation of various 
measurements according to a pre-specified protocol. On 
the other hand, FoCUS is a simplified study performed by 
the clinician (typically a non-cardiologist) as an adjunct 
to physical examination to guide immediate management 
[56, 57]. When used in conjunction with LUS and careful 
history taking/physical examination, FoCUS can provide 
valuable, real-time insights into a child’s hemodynam-
ics. It allows bedside assessment of pericardial effusion, 
cardiac preload, pump function, forward flow, chamber 
enlargement, and facilitates timely management [58]. It 
usually involves acquiring cross-sectional images of the 
heart from three windows or spaces, namely parasternal, 
apical, and subcostal (Fig. 16).

Assessment of left ventricular systolic function or 
left ventricular ejection is a key component of FoCUS 

Fig. 13   Lung ultrasound. a Lung ultrasound showing A-lines. b Lung 
ultrasound showing multiple B lines
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in a patient with hemodynamic instability. In pediatrics, 
increased left ventricular end-diastolic dimensions either 
suggest volume overload or can be a sign of left ventricular 
dysfunction due to dilated cardiomyopathy. As the condi-
tion worsens, transmittance of the overload to the right ven-
tricle causes similar dilation and the interventricular sep-
tum is flattened during diastole. Under these conditions, an 

increase in wall thickness may indicate pressure loading or 
infiltrative disorders [53, 54]. Pericardial effusion is another 
well-recognized cause of hypotension and hemodynamic 
compromise. On FoCUS, it appears as an anechoic space 
between the two pericardial layers, best visualized from the 
parasternal and subcostal windows. Careful attention must 
be exercised to detect hemodynamic effects of the effusion 
such as right-sided chamber collapse. In addition, cardiac 
preload can be assessed by inferior vena cava (IVC) ultra-
sound [59, 60]. While FoCUS also helps to diagnose con-
genital heart defects and regional wall motion abnormalities 
and assess stroke volume and pulmonary artery pressure at 
the bedside, these require a higher operator skill level and 
training [61, 62].

IVC assessment

IVC ultrasound is generally considered a component of 
FoCUS and isolated interpretation may lead to erroneous 
conclusions. It indicates right atrial pressure (RAP) or 
central venous pressure, which is a surrogate for cardiac 
preload. Figure 17 illustrates long and short axis view of a 
normal IVC. In spontaneously breathing adults, IVC diam-
eter at end-expiration and collapsibility with inspiration are 
used to estimate RAP. A dilated IVC (> 2.1 cm) with less 
than 50% collapse suggests high RAP (as in heart failure) 

Fig. 14   M-mode images of 
the lungs depicting the typical 
“seashore sign.” Above the 
pleura, the ultrasound scan 
reveals wave-like lines, which 
are generated by the movement 
of muscles (“waves”) and the 
skin (“sky”)

Fig. 15   Ultrasound lung depicting pleural effusion between visceral 
pleura (VP) and parietal pleura (PP)
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while a small collapsing IVC suggests low RAP (as in vol-
ume depletion or normal state depending on the context). 
However, in children, it is not that straightforward as the 
baseline IVC size is smaller and it is not possible to establish 
a universal cut-off for these values accounting for normal 
growth-related changes. Aorta to IVC ratio is a good alterna-
tive in the pediatric population based on the rationale that as 
opposed to aorta diameter, IVC diameter varies before and 
after intravenous hydration. This ratio is obtained by divid-
ing the largest aorta diameter (during systole) by the largest 
IVC diameter (end-expiration) in the transverse plane [63]. 
In one study, based on a cutoff of 1.22, aorta to IVC ratio 
had a sensitivity and specificity of 93% and 59% respectively 
for detecting severe dehydration [64]. On the other hand, a 

plethoric IVC bigger than the aorta indicates high RAP, in 
other words, volume intolerance. While much of the earlier 
research on IVC ultrasound focused on assessing volume 
responsiveness, it has been recognized that IVC is an unreli-
able indicator for this. Moreover, as exhausting fluid respon-
siveness is not the goal of intravenous fluid therapy, most 
experts advocate using IVC to assess fluid tolerance rather 
than responsiveness. IVC ultrasound can be error-prone in 
patients on mechanical ventilation and those with congenital 
heart disease.

In adult patients, there is growing interest in the assess-
ment of venous congestion using Doppler as an extension to 
IVC ultrasound. In a cohort of cardiac surgery patients [65], 
severe flow abnormalities in multiple Doppler patterns (2 

Fig. 16   The figure illustrates four standard views of focused cardiac 
ultrasound (FoCUS). A Illustration of transducer positions (orange-
parasternal window, blue-apical and green-subcostal) and orientation 
of probe indicator (direction of the arrow). B Corresponding sono-

graphic images. PLAX, parasternal long axis, PSAX parasternal short 
axis, LA, left atrium, RA, right atrium, LV, left ventricle, RV, right 
ventricle, RVOT, right ventricle outflow tract, AO, aorta. Chest pho-
tograph is licensed from Shutterstock

Fig. 17   Inferior vena cava. a Long axis view of the inferior vena cava (IVC) obtained from the subxiphoid window. MHV denotes the middle 
hepatic vein draining into the IVC. b Short axis view of inferior vena cava (IVC)
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of 3—hepatic, portal, and intra-renal veins) with a dilated 
IVC (≥ 2 cm) predicted the development of AKI with a haz-
ard ratio of 3.69. Utility of these Doppler waveforms has 
also been reported in the management of hyponatremia [66], 
which is one of the common electrolyte disorders encoun-
tered in nephrology practice. Furthermore, these waveforms 
are dynamic and aid in monitoring the efficacy of decon-
gestive therapy in patients with volume overload [42, 43]. 
Future studies are needed to investigate whether these find-
ings can be replicated in pediatric patients.

Multiorgan POCUS

The use of multiorgan POCUS at the bedside can poten-
tially narrow the differential diagnoses being considered or 
even suggest an entirely new diagnosis. For example, the 
presence of a diffuse B-line pattern on LUS and decreased 
left ventricular ejection on FoCUS suggests heart failure 
and warrants decongestive and/or ionotropic therapy. On 
the other hand, a child with focal B-line pattern adjacent to 
a subpleural consolidation on LUS and hyperdynamic left 
ventricle on FoCUS would likely benefit from fluid resusci-
tation. Clinical integration of data provided by POCUS can 
be realized in the context of undifferentiated shock, where 
rapid categorization of the precise etiology as distributive, 
cardiogenic, and hypovolemic shock is crucial to rapidly 
intervene and lead to the best patient outcomes [67–70].

Utility of POCUS in interventional nephrology

POCUS in ultrasound‑guided procedures in the PICU

The advent of real-time ultrasound guidance has reduced 
the complication rate of kidney biopsies as well as increased 
the chances of successful sampling. Instinctively, clinicians 
perform kidney biopsies in regions that are most accessible 
and visible, which most frequently is the lower pole of the 
left kidney. The use of ultrasound provides real-time visu-
alization of the needle track (Fig. 18) and gives an accurate 
estimate of the depth of the kidney from the skin surface. A 
high-frequency/linear transducer is the preferred probe in 
children as it offers higher resolution to assess subcutaneous 
structures and renal parenchyma traversed by the needle. 
If the depth is inadequate due to patient size, a curvilinear 
probe is used [71].

POCUS in dialysis access

Hemodialysis vascular access  The most common sites for 
placement of tunneled and non-tunneled hemodialysis 
catheters are the central veins. POCUS guidance for central 
venous catheter placement minimizes complications and is 

considered a standard of care, at least in developed coun-
tries. POCUS not only helps to confirm the needle entry 
into the vein but also allows the catheter to be used prior to 
obtaining a chest radiograph by (1) confirming appropriate 
catheter position and (2) excluding pneumothorax. Once the 
catheter is placed, it is flushed with 10 mL of saline (prefer-
ably agitated); if it is in the correct position, the right atrium 
immediately opacifies (within 2 s), which can be observed 
in the subcostal or apical cardiac views using POCUS. This 
is called the rapid atrial swirl sign (RASS) [72]. Similarly, 
upper lung zones are scanned to assess pleural sliding and 
rule out pneumothorax.

Arteriovenous access  POCUS allows evaluation of ves-
sel diameters and blood flow in an arteriovenous fistula 
(AVF) and expedites care when abnormalities are detected. 
It is often used for vein mapping prior to the placement of 
AVF, assessment of maturation, and complications such 
as aneurysm/pseudoaneurysm, peri-AVF infiltration [73]. 
PWD evaluation allows assessment of the flow pattern and 
velocities, which helps in diagnosing stenosis; however, this 
requires a higher skill level and potentially beyond the scope 
of a non-interventional nephrologist.

Peritoneal dialysis catheter placement  Interventional radi-
ologists/nephrologists place and maintain peritoneal dialysis 
(PD) catheters with image-guided techniques of fluoroscopy 
and/or ultrasound. As opposed to laparoscopic or open sur-
gical techniques, the percutaneous approach is less invasive 
and does not require conventional surgical clearance, thus 
increasing availability to wider patient populations and also 
expediting care by being able to be performed at the bedside 
or ambulatory setting.

During the initial evaluation of the patient, superficial 
structures and vessels can be evaluated with a linear probe, 

Fig. 18   Ultrasound-guided real-time visualization of needle track 
during kidney biopsy
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while evaluation of the bladder and deeper abdominal cavity 
is performed with a curvilinear probe. To ensure the needle 
entry site is safe and to minimize the risk of bowel injury or 
peritonitis, ultrasound is used to assess the abdominal cav-
ity and associated peristaltic bowel movements against the 
abdominal wall. Given the difficult nature of achieving hemo-
stasis within vessels of the rectus muscle, epigastric vessels, 
or accessory vessels of the subcutaneous layer, assessing the 
location and patency of vessels with Doppler ultrasound helps 
to minimize risk of hemorrhage into the peritoneal cavity and 
improve success of placing the deep cuff [74, 75].

Training and competency standards

POCUS is an adjunct to physical examination and enhances 
patient care by reducing diagnostic uncertainty and potentially 
healthcare cost burden [76]. Regardless, formal training and 
establishment of standards is lacking in most specialties out-
side of emergency medicine and critical care. A recent survey 
of US pediatric critical care divisions reported that diagnostic 
POCUS training is offered in 67% of the institutions. However, 
availability of trained faculty, proper image archiving, documen-
tation, credentialing, and quality assessment were limited/under-
developed in most of the programs [77]. There was also wide 
heterogeneity in organization of the curricular content among 

programs. In adult nephrology, there are very few fellowship 
programs that offer structured diagnostic POCUS training at 
this time [78, 79]. Training faculty in the fellowship programs 
and physicians who are already in practice is another challenge. 
While short POCUS courses are offered during professional 
society meetings, it must be recognized that mastering any new 
skill is a long-term process. Learning POCUS involves under-
standing multiple components including formulating the right 
clinical questions, knowing what sonographic parameter to 
assess, possessing the necessary skill to perform the scan and 
interpreting the findings in the right clinical context. Fellowship 
programs should identify faculty champions who are willing to 
dedicate time to POCUS and provide them with administrative 
support. Responsibilities of POCUS faculty include but are not 
limited to development of the curricular content, organization of 
hands-on workshops, training other faculty, longitudinal men-
toring and supervised scholarship, oversight of documentation, 
fostering multidisciplinary collaborations, quality assessment, 
and improvement. All these components take substantial time 
and effort, and as such experts recommend providing a pro-
tected time of about 0.15–0.25 full-time equivalent (FTE) to 
the POCUS director depending on the size of the fellowship 
program [80]. It is vital to establish a workflow for image archiv-
ing and retrieval for the purposes of billing, comparison with 
formal imaging, provide learner feedback, and quality assurance. 
Billing for POCUS scans helps to offset the costs of ultrasound 
equipment over time. Nevertheless, successful incorporation of 

Fig. 19   Key elements of developing a point-of-care ultrasound (POCUS) program at the departmental level. Figure adapted from NephroPO-
CUS.com, with kind permission of the author
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POCUS into clinical practice requires proper training and estab-
lishment of rigorous certification process to avoid unintentional 
patient harm from under- or overdiagnosis. There is paucity of 
data in the area of POCUS education regarding the effectiveness 
of existing curricula and competency assessment. Key steps in 
the development of a POCUS program including faculty train-
ing are summarized in Fig. 19. At a national and international 
level, there is a pressing need to establish standards for POCUS 
training in pediatric nephrology fellowships, competency assess-
ment and uniform reporting guidelines. It is also important to set 
guidelines for conducting POCUS workshops and certification 
processes for physicians in private practice to facilitate incorpo-
ration of POCUS. We believe that the best way to undertake this 
is to form a working group consisting of pediatric nephrologists 
and intensivists, as well as experts from adult POCUS-perform-
ing specialties and formulate a consensus guideline endorsed by 
pediatric nephrology societies. The authors of this review are 
currently in process of developing and formulating the same.

Future directions

Enhanced portability of the equipment combined with pro-
gressive improvement in image quality has enabled non-
radiologist physicians to use ultrasonography at the point-
of-care as an adjunct to physical examination. In pediatric 
nephrology, POCUS can be used to answer a number of 
focused clinical questions at the bedside ranging from struc-
tural renal abnormalities to hemodynamic status, facilitating 
timely diagnosis and management. Moreover, despite well-
established diagnostic accuracy of bedside ultrasound, the 
data on its impact on the patient outcomes is sparse. Further, 
novel hemodynamic applications of POCUS such as Dop-
pler-assisted venous congestion assessment have not been 
studied in the pediatric population. Future research should 
aim to address these knowledge gaps and develop stand-
ardized POCUS-guided management protocols in various 
clinical scenarios. The impact of POCUS on the outcome 
essentially depends on how effectively we use the informa-
tion provided by it to manage patients; indeed, application 
of a diagnostic modality cannot improve outcomes by itself.

Key summary points

1.	 Point-of-care ultrasound (POCUS) has rapidly evolved 
as a very valuable adjunct to physical examination, espe-
cially in sick children for the pediatric nephrologist.

2.	 POCUS can help a pediatric nephrologist in multiple 
ways, ranging from bedside assessment of urinary tract, 
fluid assessment, focused cardiac ultrasound, and inter-
ventions.

3.	 Successful application of POCUS includes proficiency 
in image acquisition, interpretation, integrating the 
sonographic data with the clinical picture to guide ther-
apy and effectively communicating with patients and 
colleagues.

4.	 There is a need for a taskforce to guide consensus on 
POCUS curriculum, competency evaluation, and appli-
cation of POCUS in routine pediatric nephrology practice.

Multiple choice questions (answers can be 
found after the reference list)

1.	 What is the advantage to POCUS?

a	 Lack of ionizing radiation
b	 Non-invasive
c	 Portable
d	 All of the Above

2.	 What is POCUS able to assess?

a	 Renal parenchymal characteristics
b	 Kidney stone progression
c	 Bladder catheterization for urine sample collection
d	 Fluid assessment in pediatric intensive care
e	 All of the Above

3.	 Which ultrasound mode is most often used?

a	 A mode
b	 M mode
c	 B mode
d	 D mode
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