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Abstract
Background  Infants with a solitary functioning kidney (SFK) are at risk for chronic kidney injury (CKI). Lack of compen-
satory kidney growth (CKG) is associated with CKI, but measuring CKG is challenging since it is typically reported rela-
tive to normal kidneys. This study aims to (1) standardize SFK growth in infants, (2) investigate the relationship between 
standardized kidney length and clinical outcomes, and (3) use these results to develop a risk-based prediction model and 
local clinical pathway for SFK care.
Methods  This was a quality improvement study of 166 infants with an SFK. Linear regression was used to assess kid-
ney growth from 0 to 180 days of life. Univariate binary regression analysis was used to identify kidney length to body 
length thresholds associated with the development of CKI, defined as the composite outcome of chronic kidney disease 
(eGFR < 60 mL/min/1.73 m2), hypertension, or proteinuria.
Results  Kidneys grew in length from 0 to 180 days, and growth was constant when standardized to body length. Over follow-
up, infants with a baseline kidney length to body length ≤ 0.088 were more likely to experience CKI than the rest of the 
cohort (27 vs. 8%, p = 0.04). Kidney length to body length ≤ 0.088 was also significantly associated with CKI development 
(OR 4.17, 95% CI 1.14–15.28, p = 0.04).
Conclusions  In this study, kidney length to body length ratio was a stable CKG metric over 0–180 days, and a baseline 
ratio ≤ 0.088 was a risk factor for CKI. Results will aid in developing a practical, point-of-care risk assessment tool, and 
overarching risk-stratified clinical pathway for infants with an SFK.
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Introduction

Infants born with a congenital anomaly of the kidney and 
urinary tract (CAKUT) are at risk of progressive loss of 
kidney function over time [1]. In particular, those with a 
solitary functioning kidney (SFK) can develop hypertension, 

proteinuria, and chronic kidney disease (CKD) over long-
term follow-up [2, 3]. This loss of kidney function is likely 
due to a congenital deficit in nephron number, influenced 
by genetic background. In children with renal hypodyspla-
sia (RHD), for example, renal parenchymal mass has been 
shown to predict the likelihood of developing kidney failure 
[4].

A number of risk factors are associated with chronic 
kidney injury in infants with an SFK. These include struc-
tural and/or functional anomalies in the SFK, associated 
genetic syndromes, recurrent urinary tract infections, and 
the absence of compensatory growth in the solitary kidney 
[2, 5–7]. “Normal” compensatory kidney growth in the SFK 
is attributed primarily to hyperfiltration resulting in glomer-
ular and tubular hypertrophy [8], although an increase in 
glomerular number has also been reported in select models 
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of fetal SFK [9, 10]. Appropriate compensatory growth in 
the SFK has been used as evidence of integrity of existing 
nephrons [11]. In the absence of a direct measure of glomer-
ular number, kidney length in particular has been identified 
as an important surrogate measure of nephron mass and as 
a predictor of outcome in children with various congenital 
kidney anomalies such as RHD, posterior urethral valves 
(PUV), and an SFK [4, 7, 12–14]. In most reports, kidney 
length is expressed as a percentile of normative age-related 
kidneys [7]. However, SFK grow larger than normal kidneys 
and therefore warrant their own unique nomograms to assess 
“normative” growth.

The objectives of this work are as follows: (1) to stand-
ardize “normal” kidney growth in infants with an SFK, (2) 
to use these data to study the relationship of kidney size at 
early diagnosis with kidney outcomes, and (3) to incorporate 
these results into a risk prediction model and local clinical 
pathway.

Methods

This was a quality improvement (QI) study conducted to 
help develop a standardized clinical pathway for the man-
agement of infants with an SFK at our center. The local 
Data Collections and Solutions Steering Committee vet-
ted our study objectives and data management plan prior 
to study initiation. Ethics approval was not sought, as QI 
initiatives are exempt from Research Ethics Board review at 
our center, in accordance with article 2.5 of the Tri Council 
Policy Statement [15].

Patient selection

We identified all patients born from 2000 to 2017 with a 
congenital SFK due to either multicystic dysplastic kidney 
(MCDK) disease or unilateral renal agenesis (URA), as pre-
viously described [2]. Patients whose SFK was acquired sec-
ondary to another condition were excluded from this study, 
as early-acquired SFK (as seen with unilateral nephrectomy 
for cancer and urologic abnormalities) have been shown to 
have differing long-term outcomes from congenital SFK 
[3]. Relevant clinical and ultrasound data from all patients 
meeting study inclusion criteria were subsequently entered 
into a QI REDCap data collection tool [16]. Given that the 
aim of the proposed clinical pathway is to identify infants at 
risk for developing chronic kidney injury, to intervene when 
necessary and in a timely fashion, and to triage those not 
needing longer-term follow-up, we included infants 180 days 
or younger at initial assessment, as this will be our recom-
mended period of initial referral and assessment for our final 
clinical pathway. For the purpose of this analysis, as in our 

previous retrospective review [2], this age of inclusion also 
allows for an appropriate length of follow-up.

Clinical outcomes

Clinical outcomes studied included CKD, hypertension, 
and proteinuria over follow-up, as well as the composite of 
all three outcomes (hereafter referred to as chronic kidney 
injury). A detailed description of the definitions and meas-
urement techniques for each outcome has been previously 
summarized [2]. Briefly, CKD was defined as an estimated 
glomerular filtration rate (eGFR) < 60 mL/min/1.73 m2 
on two consecutive outpatient visits separated by at least 
3 months, as calculated using the appropriate Schwartz 
equations. Hypertension was defined as a systolic and/or 
diastolic blood pressure (sBP/dBP) ≥ 95th percentile for 
age, sex, and height on two consecutive visits occurring at 
least 3 months apart. Proteinuria was defined as a urinalysis 
with ≥ 0.3 g/L protein, urine dipstick > 1 + , urine protein to 
creatinine ratio (PCR) > 25 mg/mmol, or urine albumin to 
creatinine ratio (ACR) ≥ 3.4 mg/mmol on two consecutive 
visits at least 3 months apart. The time to development of 
the clinical outcome, as defined, was determined to be the 
time at which it was first documented.

Kidney ultrasounds

Ultrasounds were performed almost exclusively at our ter-
tiary referral center by trained expert pediatric radiologists. 
Examinations were performed using a GE LOGIQ E9 unit. 
Kidney measurements were obtained using a C1-6 MHz or 
C2-9 convex transducer and standard gray-scale B-mode 
imaging. Kidney length was measured in the sagittal plane 
using the image depicting the greatest longitudinal dimen-
sion of the kidney. This was repeated twice and the long-
est measurement was recorded. The patients were scanned 
either in the supine or slightly left or right lateral decubitus 
positions.

Body lengths

Recumbent infant body lengths were measured at each clinic 
visit by a trained nephrology nurse and/or nurse’s assistant 
using a length board on a flat table.

Kidney length to body height ratio

To standardize for overall size differences among infants, 
we used the ratio of kidney length to body length from 
the first postnatal assessment with measured body lengths 
taken ± 30 days from the date of ultrasound, or imputed 
lengths based on age, sex, and the closest height available, 
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as previously described [2]. For the analysis of outcomes, 
we stratified patients according to whether their SFK kidney 
length to body length ratio was above or below the 5th, 10th, 
and 25th percentiles for the whole cohort.

Statistical analyses

All analyses were conducted using SPSS version 27 software 
(IBM Corp., Armonk, NY) with a threshold of p < 0.05 for 
statistical significance. Various summary measures were 
used to characterize patients and first kidney ultrasounds 
occurring within the first 180 days of life. Parametric and 
non-parametric group data were expressed as means ± stand-
ard deviation (SD) and medians (interquartile range) (IQR), 
respectively, based on visual inspection and normality test-
ing. Categorical data were expressed as proportions (per-
cent). Between group comparisons were made using Stu-
dent’s t test, Mann–Whitney U test, and Pearson’s chi square 
or Fisher’s exact test, as indicated. Linear regression analysis 
was used to determine kidney growth over time. Univari-
ate binary logistic regression was used to identify kidney 
length to body length ratio thresholds that were associated 
with the development of chronic kidney injury, reported 
as odds ratios (OR) and 95% confidence intervals (CI). 
Kaplan–Meier analysis was used to determine outcome-free 
survival according to age and stratified for kidney length to 
body length ratio. Univariate Cox regression was utilized 
to obtain hazard ratios (HR) and their corresponding 95% 
confidence intervals comparing patients above and below the 
thresholds. Sensitivity, specificity and positive and negative 
predictive values were calculated for kidney length to body 
length ratio as a test for the various outcomes.

Results

We identified a total of 230 cases with an SFK, 70 (30%) 
with URA and 160 (70%) with MCDK (Table 1). Of those, 
166/230 (72%) were identified in infants at 180 days of life 
or younger, with a median age at first postnatal ultrasound 
of 9 (IQR 38) days, and a median of 1 ultrasound (range 1 
to 8) done prior to 180 days. The 0–180-day cohort did not 
differ significantly from the full cohort with regards to clinical 
features such as sex, primary diagnosis, kidney sidedness, 
being born preterm (< 36 weeks’ gestation), or associated 
genetic syndromes, non-renal anomalies, and CAKUT 
(Table 1). At first postnatal assessment, the mean kidney 
length per patient was 6.13 ± 1.73 cm and 5.42 ± 0.90 cm 
(p < 0.001) for the full cohort and 0–180-day cohort, 
respectively, while the mean kidney length to body length 
ratio was 0.101 ± 0.015 for the full cohort and 0.104 ± 0.013 
for the 0–180 day cohort (p = 0.08) (Table 1). There was no 
significant difference in the median age at last clinic visit 
between the full and 0–180-day cohorts (5.05 vs. 4.79 years, 
p = 0.10). The follow-up period, however, was variable, with 
the age at last clinic visit for the patients in the 0–180 day 
cohort ranging from 0.01 to 16.27 years.

Similar to the outcomes previously reported for the full 
cohort [2], of the 166 patients in the 0–180 day cohort, 8 
(5%) developed CKD, 9 (5%) developed hypertension, 9 
(5%) developed proteinuria, and 16 (10%) developed the 
composite outcome over follow-up (Table 2). The time to 
developing the outcome was also variable, with a median 
(IQR) of 1.07 (1.36) years for CKD, 5.67 (5.41) years for 
hypertension, 5.35 (7.02) years for proteinuria, and 2.47 
(5.88) years for the composite outcome (Table 2).

Table 1   Descriptive 
characteristics

CAKUT congenital anomaly of the kidney and urinary tract
* Within 0–180 days
† At earliest ultrasound

All 0–180 days p

Number of patients 230 166
Median days of age at first ultrasound 18 (168) 9 (38)  < 0.001
Female sex (%) 110/230 (48) 77/166 (46) 0.78
Renal agenesis (%) 70/230 (30) 56/166 (34) 0.49
Right-sided solitary kidney (%) 110/230 (48) 81/166 (49) 0.85
Gestational age < 36 weeks (%) 26/185 (14) 15/139 (11) 0.38
Genetic syndrome (%) 20/224 (9) 11/161 (7) 0.46
Non-renal anomaly (%) 44/230 (19) 33/166 (20) 0.85
Associated CAKUT (%) 78/230 (34) 58/166 (35) 0.83
Median years of age (IQR) at last clinic visit 5.05 (6.02) 4.79 (5.09) 0.10
Age range at last clinic visit (years) 0.01–16.65 0.01–16.27
Mean kidney length (cm)† 6.13 ± 1.73 5.42 ± 0.90  < 0.001
Mean kidney length: body length† 0.101 ± 0.015 0.104 ± 0.013 0.08
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To develop a kidney length metric to predict outcome, we 
required that the initial kidney assessment occur at the earli-
est point-of-care contact, for that to be in the first 180 days 
of life, and that the metric be easy to measure and incorpo-
rate into a risk model. We considered using absolute kidney 

length; however, kidney length, as expected, changed over 
this short time period making it an unreliable metric that 
was dependent on age at first assessment (Fig. 1A). We have 
previously used the ratio of kidney length to body length 
as a reliable and standardized metric of kidney length to 
predict outcome in cases of children with RHD [4]. When 
we applied this same metric to our cases of SFK in the first 
180 days, the ratio remained constant with a slope over time 
approximating zero (Fig. 1B).

Given that the ratio of kidney length to body length did 
not change regardless of age within the first 180 days, we 
used it to predict outcome. At the first postnatal ultrasound 
assessment, infants 180 days and younger with a kidney 
length to body length ratio ≤ 0.088 (below the 10th 

Table 2   Time to developing outcome

CKD Hypertension Proteinuria Composite

Number of 
patients

8/166 (5%) 9/166 (5%) 9/166 (5%) 16/166 (9%)

Median years 
(IQR)

1.07 (1.36) 5.67 (5.41) 5.35 (7.02) 2.47 (5.31)

Fig. 1   A–B Scatterplots depict-
ing kidney size as a function 
of age at first ultrasound for 
infants aged 0–180 days. 
Kidney growth was approxi-
mated based on the slope of the 
linear regression line of best fit 
(R2). Distinguishing features of 
each scatterplot are as follows: 
A growth based on kidney 
length (solid red line represents 
regression line, n = 157) of 
first ultrasounds done from 0 
to 180 days, with associated 
95% CI (dotted black lines). B 
Growth based on kidney length 
to body length ratio (solid red 
line represents regression line, 
n = 157) of first ultrasounds 
done from 0 to 180 days, with 
associated 95% CI (dotted 
black lines) and 0.088 threshold 
(dash-dotted blue line), below 
which there is an increased 
likelihood of developing chronic 
kidney injury
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percentile for the cohort) were more likely to have CKD 
(21 vs. 6%, p = 0.09), hypertension (33 vs. 6%, p = 0.03), 
and proteinuria (21 vs. 4%, p = 0.03) over follow-up 
compared to those with a kidney length to body length 
ratio > 0.088 (greater than the 10th percentile), respectively 
(Table 3). Infants with a baseline kidney length to body 
length ratio ≤ 0.088 were also more likely to develop 
the composite outcome of chronic kidney injury when 
compared to those with a baseline kidney length to body 
length ratio > 0.088 (27 vs. 8%, p = 0.04, respectively). 
Univariate logistic regression showed that a kidney length 
to body length ratio ≤ 0.088 was associated with chronic 
kidney injury (OR 4.17, 95% CI 1.14–15.28, p = 0.04) 
(Table 4). By Kaplan–Meier survival analysis, a kidney 
length to body length ratio of ≤ 0.088 was also associated 
with a significantly worse outcome-free survival for all 
the outcomes studied (Figs. 2A–D). Patients with a kidney 
length to body length ≤ 0.088 had significantly higher 
outcome rates over the study period with a HR of 4.54 (95% 
CI 1.01–20.29) for CKD, a HR of 5.40 (95% CI 1.29–22.67) 
for hypertension, a HR of 6.46 (95% CI 1.44–28.96) for 
proteinuria, and a HR of 4.73 (95% CI 1.45–15.41) for the 
composite outcome of chronic kidney injury, as compared 
to patients with a kidney length to body length > 0.088 
(Figs. 2A–D). As a test, a kidney length to body length 
ratio ≤ 0.088 had a sensitivity of 27% and specificity of 92% 
to predict chronic kidney injury, with a sensitivity of 38% 
and specificity of 87% to predict CKD.

Discussion

In this report, we have demonstrated the value of determin-
ing kidney length at the initial assessment of infants with 
an SFK. This is the first report where SFK size compared 
to “normal” SFK growth has been used to evaluate the risk 
of chronic kidney injury. Previous reports defining factors 
that predict a poor outcome in this population have high-
lighted the importance of kidney length. These reports have 
used various kidney length metrics, including kidney length 
standard deviation score [3, 5, 17], kidney length percentile 
[7], and kidney length insufficiency, calculated as percent 
deviation from expected [18]. However, these reports often 
use a percentile comparison of the SFK with the growth 
of normal kidneys. This can be problematic as there is 
an assortment of varying nomograms for normal kidney 
growth, with kidney growth compared to body length, body 
weight, sex, age, and kidney sidedness [19–25]. These nor-
mative growth data are also sometimes hampered by being 
outdated, having small sample sizes, and not always being 
easy to use at point-of-care.

Healthy SFK undergo compensatory kidney growth due 
to the congenital nephron deficit. As has been highlighted 
and emphasized by others, lack of “normal” growth in these 
SFK suggests an intrinsic abnormality, the severity of which 
impacts on long-term kidney outcome.

Recognizing the shortcomings of comparing SFK 
growth with the growth of normal kidneys, in this report, 

Table 3   Clinical outcomes 
using kidney length to body 
length ratio

CKD chronic kidney disease
* At earliest ultrasound from 0 to 180 days, excluding 9 patients with unknown kidney length on ultrasound. 
Differences determined by Fisher’s exact test

5th percentile 10th percentile 25th percentile

 ≤ 0.082  > 0.082 p  ≤ 0.088  > 0.088 p  ≤ 0.096  > 0.096 p

Patients (n)* 7 150 15 142 39 118
CKD (%) 3/7 (43) 5/88 (6) 0.01 3/14 (21) 5/81 (6) 0.09 4/28 (14) 4/67 (6) 0.23
Hypertension (%) 2/6 (33) 6/85 (7) 0.09 3/9 (33) 5/82 (6) 0.03 5/21 (24) 3/70 (4) 0.02
Proteinuria (%) 2/6 (33) 6/140 (4) 0.04 3/14 (21) 5/132 (4) 0.03 4/36 (11) 4/110 (4) 0.10
Composite (%) 3/7 (43) 12/145 (8) 0.02 4/15 (27) 11/137 (8) 0.04 6/38 (16) 9/114 (8) 0.21

Table 4   Risk of chronic kidney 
injury using kidney length to 
body length ratio

OR odds ratio, CI confidence interval
* At earliest ultrasound from 0 to 180 days, excluding 5 patients with indeterminate chronic kidney injury 
status

Cohort Outcome No outcome OR (95% CI) p

Patients (n)* 152 15 137
 ≤ 0.082 (5th percentile) (%) 7/152 (5) 3/15 (20) 4/137 (3) 8.31 (1.66–41.56) 0.02
 ≤ 0.088 (10th percentile) (%) 15/152 (10) 4/15 (27) 11/137 (8) 4.17 (1.14–15.28) 0.04
 ≤ 0.096 (25th percentile) (%) 38/152 (25) 6/15 (40) 32/137 (23) 2.19 (0.72–6.61) 0.21
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we developed a kidney growth nomogram for infants with an 
SFK from our local population. We chose to focus on kidney 
size and growth in the first 180 days of life. This time period 
corresponds with our recommended time during which an 
infant with an SFK should be referred and evaluated for kid-
ney health, risk of progression or loss of kidney function, 
and subsequent stratification of care based on this risk.

For the purpose of being able to use these data at the first 
point-of-care contact and for a quick and accurate assess-
ment of risk, we opted instead to standardize kidney length 
to body length. As expected, kidneys grew over the first 
180 days of life and therefore kidney length could not be 
used by itself as an assessment of risk given the variability 
in the age at which infants were first referred for care and 
assessed. However, when we standardized kidney length to 
body length at the time of assessment, whether this was at 
1 day or 180 days of life, this metric remained constant. We 
suggest then that an estimate of kidney length to body length 
ratio at first assessment in the first 180 days of life in infants 

with an SFK can be used to assess risk of longer-term kidney 
injury. Since kidney length approximates nephron number, 
a lower kidney length to body length ratio would indicate a 
greater nephron deficit and worse outcome.

In our cohort, infants with an SFK kidney length to body 
length ratio at or below 0.082 (5th percentile), 0.088 (10th 
percentile), and 0.096 (25th percentile) were more likely to 
develop chronic kidney injury over follow-up. In particular, 
43% of infants with a baseline kidney length to body length 
ratio below the 5th, 27% of those below the 10th, and 16% 
below the 25th percentile for kidney length to body length 
ratio developed chronic kidney injury. As a test for chronic 
kidney injury, a kidney length to body length ratio ≤ 0.088 
had a low false-positive rate but a high false-negative rate. 
For clinical pathway development and risk stratification, it 
would therefore be useful and safe, with a low likelihood of 
excluding patients who would develop an unfavorable out-
come. However, the performance of this metric in predicting 
outcomes and enabling stratification of risk would likely be 

Fig. 2   A–D Outcome-free survival by kidney length to body length 
ratio. Kaplan–Meier curves stratified by kidney length to body 
length ratio (KL:BL) of ≤ 0.088 and > 0.088 for A chronic kidney 
disease (CKD)-free survival, B hypertension-free survival, C pro-
teinuria-free survival, and D the composite outcome of chronic kid-
ney injury-free survival. Red line designates kidney length to body 

length ratio ≤ 0.088 and black line designates a ratio > 0.088. Verti-
cal hatched lines designate right-censored cases. HR = hazard ratio, as 
defined by univariate Cox regression and corresponding 95% confi-
dence intervals and p-values. The remaining cases for analysis over 
the time of follow-up are designated below the x-axis
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enhanced by the incorporation of other relevant clinical risk 
factors.

There were a number of limitations of this study. Due 
to its retrospective design, ultrasound data within the first 
180 days of life were missing for some patients in the full 
cohort, and, as a result, our sample size was reduced from 
230 to 166, thereby possibly affecting the robustness of 
our findings, including the possibility of committing type 
2 errors in the analyses—where significant differences 
between groups are not identified. Also, while the major-
ity of initial assessments were done in the first 180 days, 
the variation in age at first assessment in this time period 
may have affected the precision of the kidney length cut 
offs associated with chronic kidney injury. Developing a 
standardized referral and assessment approach as part of 
our proposed pathway will mitigate this variability. Further-
more, as this was a retrospective study of prevalent cases of 
SFK, there was variability in the length of follow-up. This 
likely caused an underestimate of the risk of developing the 
outcomes of interest, with patients with a shorter follow-up 
being less likely to have developed the outcome. Another 
drawback is the inability to comment on the generalizabil-
ity of the results, given the limited diversity data available 
as part of the retrospective chart review. Finally, although 
assessment of kidney length by ultrasound is relatively sim-
ple and inexpensive, it is nonetheless a coarse estimate of 
absolute nephron number in that kidney. Newer methods 
of estimating nephron number, such as with cationized fer-
ritin enhanced-magnetic resonance imaging, will further 
help identify patients at risk for developing chronic kidney 
injury [26].

In summary, this study represents an important step 
towards our goal of developing a locally relevant clinical 
pathway for the management of infants with an SFK at our 
center. We have shown that the ratio of kidney length to 
body length within the first 180 days of life is a useful metric 
of SFK growth, and that a value of 0.088 is an easy threshold 
to implement below which there is an increased likelihood of 
developing chronic kidney injury over follow-up. However, 
suboptimal standardized kidney length is just one of several 
potential risk factors. We have also previously identified 
URA and CAKUT as independent risk factors for chronic 
kidney injury [2]. The next steps in our pathway develop-
ment process will be to develop a predictive model that best 
balances the strengths of existing models [7] with our rel-
evant local findings and the results of this study. We also aim 
to fill an existing gap in the availability of point-of-care tools 
that can be easily used for stratifying care in infants with an 
SFK according to clinical variables identified early on.

Supplementary Information  The online version contains a graphical 
abstract available at https://​doi.​org/​10.​1007/​s00467-​022-​05544-y.
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