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Abstract
Background Frailty is a condition of decreased physiologic reserve and increased vulnerability to stressors. Frailty in combina-
tion with inflammation has been associated with increased mortality risk in adults with advanced chronic kidney disease (CKD).
This study aimed to investigate prevalence and outcomes associated with a frailty-inflammation phenotype, or “fragility,” in
children with CKD.
Methods We analyzed 557 children (age 6–19 years, eGFR 30–90 ml/min/1.73 m2) from the Chronic Kidney Disease in
Children (CKiD) study. Based on adult models, the CKiD fragility model included four indicators: (1) suboptimal growth/
weight gain (BMI < 5th percentile-for-height-age, deceleration ≥ 10 BMI-for-height-age percentiles/1 year, height-for-age per-
centile < 3rd or deceleration ≥ 10 height percentiles/1 year); (2) low muscle mass (mid-upper-arm circumference < 5th percentile
or deceleration ≥ 10 percentiles/1 year); (3) fatigue (parent/child report); (4) inflammation (CRP > 3 mg/l). Logistic regression
was used to evaluate association of fragility indicators with three adverse outcomes: frequent infection (> 1 per year/3 years),
hospitalization (any), and rapid CKD progression (decline in eGFR > 30% or initiation of renal replacement therapy within
3 years).
Results Prevalence of fragility indicators 1 year after study entry were 39% (suboptimal growth/weight gain), 62% (low muscle
mass), 29% (fatigue), and 18% (inflammation). Prevalence of adverse outcomes during the subsequent 3 years were 13%
(frequent infection), 22% (hospitalization), and 17% (rapid CKD progression). Children with ≥ 3 fragility indicators had 3.16-
fold odds of frequent infection and 2.81-fold odds of hospitalization, but did not have rapid CKD progression.
Conclusions A fragility phenotype, characterized by the presence of ≥ 3 indicators, is associated with adverse outcomes, includ-
ing infection and hospitalization in children with CKD.
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Introduction

Frailty is a condition of decreased physiologic reserve and
increased vulnerability to stressors, which was first described
in the geriatric population [1]. The concept of frailty has since
expanded, serving as an indicator of increased morbidity and
mortality risk in numerous adult disease states, including HIV
[2], cardiovascular disease [3], liver disease [4], cancer [5],
and chronic kidney disease [6, 7]. Recently, frailty in combi-
nation with inflammation has been identified as a marker for
increased mortality risk in adults with advanced chronic kid-
ney disease (CKD) and end-stage renal disease (ESRD) [8].
This study suggested that inflammation is a key component of
frailty unique to the CKD population, a disease state in which
elevated inflammatory markers are a hallmark of increased
morbidity and mortality [8]. In the geriatric population, the
relationship of frailty with morbidity and mortality risk may
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be confounded as the symptoms of aging are intermingled
with those related to renal disease. The pediatric population
may therefore provide a cleaner model for the study of the
effects of a frailty-inflammation phenotype on health out-
comes in individuals with chronic disease. While frailty has
not been well studied in younger populations, evidence of the
existence of frailty during childhood and its effects on survival
was discovered by a bioarcheological study of skeletal re-
mains of children affected by famine in medieval times in
London [9]. Just recently, a model was developed to assess
frailty in a cohort of children with chronic liver disease [10].
The concept of frailty has not been investigated in children
with CKD. The objective of this study was to investigate the
prevalence of and outcomes associated with a frailty-
inflammation phenotype, or “fragility,” in children with CKD.

Methods

Study design and population

The detailed methods of the Chronic Kidney Disease in
Children (CKiD) study, an ongoing prospective multicenter
cohort study of North American children with CKD, have
been previously described [11]. The CKiD study
(NCT00327860) was approved by an external study monitor-
ing board appointed by the National Institute of Diabetes and
Digestive and Kidney Diseases and by the institutional review
board of each participating center, including Children’s
National Health System. Informed consent of all individual
participants included in the study was obtained by each center
and the study was conducted in accordance with the
Declaration of Helsinki.

The present study includes a cohort of 557 children who
were between the ages 6 and 19 years and had eGFR 30–
90 ml/min|1.73 m2. Fragility data elements (anthropomet-
rics, fatigue, and CRP) were measured over the first year of
the CKiD study. Outcome indicators (infections, hospitaliza-
tions, and changes in eGFR) were assessed over the subse-
quent 3-year period. All study data were collected during
outpatient CKiD study visits and not during acute illness or
hospitalizations. The exclusion criteria of this analysis were
the same as those of the CKiD study. Children with eGFR <
30 ml/min|1.73 m2 at study year 1 were excluded from the
analysis.

Construction of the fragility model

We created a pediatric fragility model which was adapted from
the Fried Adult Frailty model [1] and the adult CKD Frailty
model of McAdams-DeMarco et al. [8]. The Adult Fried
Frailty model consists of the following four components: (1)
weight loss/shrinking, (2) muscle weakness/sarcopenia, (3)

fatigue/exhaustion, and (4) low activity. The adult CKD mod-
el of McAdams-Demarco further improved risk prediction by
the inclusion of markers of inflammation to detect frailty in
adults with CKD [12], and evidence indicates that the inflam-
matory pathway plays a key role in the pathogenesis of frailty
[13, 14]. Therefore, our proposed pediatric fragility model
was based on a combination of these validated adult models,
and adapted for the pediatric CKiD population. This pediatric
CKD fragility model consists of four indicators determined at
1 year after study entry: (1) suboptimal growth and weight
gain (BMI < 5th percentile for height-age, deceleration of ≥
10 BMI for height-age percentiles over 1 year, or poor growth
defined by height < 3rd percentile for age or decrease of ≥ 10
height percentiles over 1 year); (2) low muscle mass (mid-
upper-arm circumference for height-age-sex < 5th percentile
or a decrease of ≥ 10 percentiles over 1 year); (3) fatigue or
low energy (moderate/severe parent or child report on the
Pediatric Quality of Life Questionnaire [PedsQL Version
4.0] [15] or moderate/severe response to “tiring easily” on
the CKiD symptoms questionnaire); and (4) inflammation
(CRP > 3 mg/l). Inflammation was assessed by a single CRP
measurement per patient, performed at the year 1 CKiD study
visit.

Definition of adverse outcomes

While adult frailty studies have commonly used mortality as
an adverse outcome, mortality is very uncommon in children;
there were no patient deaths in our cohort during the defined
3-year outcome period. As mortality is therefore not an appro-
priate outcome for this population, we instead selected
evidence-based outcomes that are indicative of fragility (de-
creased physiologic reserve and increased vulnerability to
stressors) in this unique population. Adverse outcomes were
defined by frequent infection (> 1 infection per year), any
hospitalization, and rapid CKD progression (decline in
eGFR> 30% or initiation of renal replacement therapy) during
the 3-year period after determination of fragility indicators.
The calculation of frequent infections included kidney, blad-
der, ear, and “other” infections. The category of “other infec-
tions” included any reported viral, bacterial, or fungal infec-
tion. The calculation of hospitalization rate excluded hospital-
ization for the purpose of initiation of dialysis.

Statistical analysis

Continuous variables were compared by Wilcoxon rank-sum
test, and categorical variables were compared using a chi-
squared test. Multiple logistic regression analysis was used
to evaluate association of fragility indicators with each of the
three adverse outcomes (infection, hospitalization, and CKD
progression over 3 years), adjusting for age, sex, race, glomer-
ular diagnosis, and eGFR at study entry. The adjusted analysis
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evaluated the association of having either 1–2 fragility indica-
tors or 3–4 fragility indicators with each of the adverse out-
comes, in comparison with the reference group (no fragility
indicators).

Data on inflammation were missing for 42 (8%) subjects,
and data on muscle mass were missing for 3 (1%) subjects.
When counting fragility indicators to create our primary pre-
dictor, these missing values were implicitly imputed as absent,
representing the most conservative approach possible. As a
sensitivity analysis, we tested the other extreme, imputing all
missing fragility indicators as present. This shifted 10 subjects
from zero indicators to 1–2, and 12 subjects from 1–2 indica-
tors to 3–4. The resulting models had larger-magnitude odds
ratios for both risk groups (1–2 indicators and 3–4 indicators)
but did not change in statistical significance. The results pre-
sented are those of the most conservative approach.

Results

Study population

Demographics and clinical characteristics of the study popu-
lation at the time of study entry are summarized in Table 1.
Study participants were a median of 12.1 years of age with
eGFR of 55 ml/min|1.73 m2. The population was 59% male,
21% African American, and 31% had a glomerular diagnosis.
As expected, patients with any fragility indicators were signif-
icantly thinner, evidenced by lower BMI z-scores (p < 0.0001
in each fragility group), and shorter, evidenced by lower
height z-score (p = 0.07 for 1–2 indicators, p = 0.03 for 3–4
indicators) compared with those who were deemed non-
fragile.

Prevalence of fragility indicators and outcomes

The prevalence of fragility indicators and outcomes are sum-
marized in Table 2. The overall prevalence rates of the four
individual fragility indicators within the study population at
study year 1 were as follows: (1) 39% had suboptimal growth
and weight gain, (2) 62% had low/decelerating muscle mass,
(3) 29% had fatigue or low energy, and (4) 18% had inflam-
mation. Further examining these as subgroups, 22% of pa-
tients had suboptimal growth, 24% had suboptimal weight
gain, 18% had fatigue, and 21% had low energy.

The proportion of patients affected by 0, 1, 2, 3, or 4 fra-
gility indicators was 14%, 40%, 33%, 12%, and 1%, respec-
tively, at study year 1 (Fig. 1). The proportion of children who
experienced adverse outcomes over the subsequent 3 years
was as follows: 13% with frequent infections, 22% with hos-
pitalizations, and 17% with rapid CKD progression.

Association of fragility with adverse outcomes

Children with ≥ 3 fragility indicators 1 year after study entry
had 3.16- and 2.81-fold odds of developing the adverse out-
comes of frequent infection (p = 0.03) and hospitalization (p =
0.01) over the subsequent 3 years, respectively, after adjusting
for age, sex, race, glomerular diagnosis, and eGFR (see
Table 3). However, these children did not have statistically
significant increased odds of rapid CKD progression (odds
ratio [OR] 2.01, p = 0.11). The presence of 1–2 fragility indi-
cators was not significantly associated with frequent infection
(OR 1.45, p = 0.43), hospitalization (OR 1.33, p = 0.41), or
rapid CKD progression (1.31, p = 0.45) in the adjusted analy-
sis. With regard to the covariates included in the adjusted
analysis, glomerular diagnosis was independently associated
with reduced odds of infection (0.17, p < 0.0001), and in-
creased odds of rapid CKD progression (OR 3.24,
p < 0.0001). African American race was also independently
associated with increased odds of rapid CKD progression
(OR 1.94, p = 0.01), while higher eGFR at baseline was asso-
ciated with decreased odds of rapid CKD progression (OR
0.75, p = 0.0003). Hispanic ethnicity was associated with de-
creased odds of hospitalization (OR 0.45, p = 0.03).

Discussion

In older adults, tools such as the Fried Frailty Model and the
Clinical Frailty Scale have been developed to identify individ-
uals with decreased physiologic reserve who are at increased
risk for poor health outcomes, including disability, hospitali-
zation, and premature death [1, 16]. Elderly adults with CKD
are known to be more likely to have the frailty phenotype,
with reported prevalence more than 60%, compared with
11% among community-dwelling adults of similar age with-
out CKD [17]. Although the concept of frailty was initially
developed for older adults, new applications of frailty to youn-
ger adult populations and various chronic disease populations
are emerging. The prevalence of frailty in adult (< 65 years)
hemodialysis (HD) patients is approximately 35% and has
been independently associated with higher risk of hospitaliza-
tion and mortality, regardless of age [12]. Recently, Lurz et al.
tested the Fried Adult Frailty criteria in a cohort of children
with chronic or end-stage liver disease [10]. In this study, the
overall prevalence of frailty was 24% and was highest (46%)
in those with end-stage liver disease [10]. Evidence indicates
that frailty occurs as a result of a constellation of dysregulation
of multiple physiological functions and biological systems
[18]. Given the multi-systemic nature of complications of
CKD, the use of a standardized clinical tool to identify
markers of frailty in adults with CKD and ESRD may be
especially useful and has been recently proposed [8, 19, 20].
The inclusion of an inflammation component in the frailty
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model has proven to be particularly sensitive for adult patients
with advanced CKD awaiting kidney transplant [8]. No sim-
ilar tool has been previously developed to evaluate the adverse
health outcomes in children with CKD.

In the present analysis, we adapted the concept of the adult
frailty model to construct a pediatric model, and demonstrated
the ability of this model to identify a frailty-inflammation
phenotype among children with CKD. We used the term “fra-
gility” to more accurately describe this unique pediatric phe-
notype, as it represents the subset of children with CKD who
exhibit greater susceptibility to the physiologic stressors com-
pared with other children without fragility. Fragility indicators
were based upon classical signs and symptoms of adult frailty,
which manifest in children as suboptimal growth and weight
gain, muscle wasting/sarcopenia, and fatigue, as well as the
CKD-specific frailty marker of inflammation. The inclusion
of increased inflammation as an indicator of fragility is sup-
ported by previous work indicating that inflammation plays a
critical role in the pathogenesis of frailty [13, 14] and is a key
component to improve mortality risk prediction in frail adults
with CKD [8]. In addition, sarcopenia, which is accelerated in
CKD, is an important component of frailty. Low muscle mass
is also associated with increased infection risk [21] and con-
tributes to poor bone health due to the lack of skeletal support,
further increasing frailty [13]. Fatigue is a particularly debili-
tating symptom of chronic disease states and has been shown
to be a key driving factor in the diagnosis of frailty in both
adults and children with chronic liver disease [10].

The concept of frailty is distinct from protein-energy
wasting (PEW). A prior study in children with CKD assessed
PEW in children using several different biochemical and an-
thropometric measures [22]. While this study provided impor-
tant information about nutritional assessment of children with
CKD, the concept of fragility provides a more global assess-
ment of poor health and vulnerability to adverse outcomes in
this population. Thus, these different assessment tools can be
used in a complementary fashion.

The children in our CKD cohort who had ≥ 3 fragility in-
dicators 1 year after study entry had roughly 3-fold increased
odds of developing adverse outcomes of infection (OR 3.16,
p = 0.03) and hospitalization (OR 2.81, p = 0.01) during the
subsequent 3-year period, as compared with those who were
non-fragile. Therefore, these children may be considered to
have a “fragility phenotype” indicative of a subset of the pe-
diatric CKD population who are more likely to experience
adverse health outcomes. In contrast, in the aforementioned
pediatric study of models to diagnose PEW in children with
CKD, the models did not have a statistically significant asso-
ciation with the primary adverse outcome of hospitalization
(p = 0.06), and association with infection was not analyzed
[22]. Similarly, studies in children and adults with chronic
liver disease have shown that frailty assessments identify a
broader condition of fragile health that is distinct from andTa
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goes beyond what is captured by standard assessments for
malnutrition or severity of chronic disease [10, 23]. In partic-
ular, the element of “fatigue or low energy” is not captured by
typical nutritional or health risk assessments. Therefore, our
proposed fragility model provides a new tool to gauge overall
comprehensive health in children with CKD.

Our findings mirror those of adult studies linking frailty
with a wide spectrum of adverse clinical outcomes in those
with CKD [7]. While frailty is strongly associated with mor-
tality in adults, this outcome is uncommon in children, and
there were no deaths in our study cohort.We therefore selected
evidence-based outcomes that are indicative of fragility, or
“decreased physiologic reserve and increased vulnerability
to stressors,” in this unique population. Hospitalization is
one such adverse outcome that has been independently asso-
ciated with frailty in adult studies [12, 24]. Frequent infection
is another indicator of increased vulnerability to stressors, and
the frailty phenotype has been associated with impaired im-
mune response, failure to mount adequate response to

immunizations, and increased risk for common infections
[25]. Rapid progression of kidney disease was shown to be
associated with earlier initiation of dialysis in adults with frail-
ty [26]. However, our results indicated that this fragility model
does not identify those children at risk for rapid CKD progres-
sion as this process appears to be more driven by glomerular
disease and African American ethnicity in the pediatric
population.

Our results confirm an association between the presence of
≥ 3 fragility indicators (“fragility phenotype”) with subse-
quent development of adverse outcomes of infection and hos-
pitalization. Our analysis was strengthened by the use of lon-
gitudinal data to demonstrate a temporal relationship between
the fragility indicators and the adverse outcomes. Our results
also suggest a dose-response gradient, evidenced by the in-
creasing magnitude of the association between having 1–2
fragility indicators vs. 3–4 fragility indicators with the adverse
outcomes. As a caveat, although the children with and without
the fragility phenotype were similar in terms of age, gender,

Table 2 Prevalence of fragility indicators and outcomes

Fragility indicators* Prevalence (%)

Fragility indicator 1 Suboptimal growth and weight gain 39%

Fragility indicator 2 Low muscle mass/deceleration in muscle mass percentile 62%

Fragility indicator 3 Fatigue or low energy 29%

Fragility indicator 4 Inflammation (CRP > 3 mg/l) 18%

Fragility phenotype 3–4 fragility indicators present 13%

Adverse outcomes**

Outcome 1 Frequent infection 13%

Outcome 2 Hospitalization 22%

Outcome 3 Rapid CKD progression 17%

*Presence of fragility indicators were identified 1 year after study entry. **Adverse outcomes occurred during the subsequent 3-year period, after
determination of the fragility indicators

Fig. 1 The percentage of CKiD
participants (total n = 557)
affected by 0, 1, 2, 3, or 4 out of
the 4 possible fragility indicators
are shown. Patients with ≥ 3
indicators are considered to have
the fragility phenotype
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race, disease etiology, and eGFR, there may be other unmea-
sured variables or events which contributed to the adverse
outcomes of frequent infection and hospitalization that we
observed in the fragile patients. In addition, while hospitaliza-
tions for initiation of dialysis were excluded from the analysis,
the specific reasons for other hospitalizations were not collect-
ed by the CKiD study, and therefore the causes for these are
not known. As noted in the “Methods” section, imputation
and sensitivity analyses were employed to address missing
data. We are comfortable reporting the results of the most
conservative statistical model, recognizing that our sensitivity
analysis indicates that the true effects may be slightly stronger
than indicated.

Pediatric tools of fragility may be useful in clinical
decision-making as these children will need additional inter-
ventions to prevent adverse outcomes. Targeted therapies to
improve outcomes in fragile children may include optimiza-
tion of nutrition and/or growth hormone therapy to promote
muscle accretion, weight gain and growth, as well as exercise
and physical therapy to increase physical fitness and build
muscle mass. Recent evidence suggests that the combination
of exercise with growth hormone therapy enhances IGF-1
signaling, trabecular bone formation, and growth [27]. Other
anabolic hormones and anti-inflammatory agents may also
hold promise to attenuate muscle atrophy in children with
CKD [28–30], but more research is needed in this area.

The major strength of this study was the use of CKiD study
data, which was prospectively and longitudinally collected
according to standardized protocols at 54 sites across North
America. The analysis was limited by the general exclusion
criteria of the CKiD study, which excluded children with ge-
netic syndromes involving the central nervous system and
those with severe intellectual disability (IQ < 40, significant
impairment in adaptive functioning, and/or inability to inde-
pendently execute self-care skills). These children represent a
growing yet vulnerable subset of the CKiD population likely

to be at high risk for the fragility phenotype. Future studies
should aim to validate a pediatric clinical tool to identify frag-
ile children at risk for adverse outcomes and strategies to ad-
dress fragility.

In conclusion, we developed the first pediatric model to
identify fragility in children with CKD. This fragility pheno-
type, characterized by the presence of ≥ 3 indicators, is asso-
ciated with adverse outcomes, including infection and hospi-
talization. The model provides a new tool for the evaluation of
overall health of children with CKD and the identification of
at-risk children who may benefit from additional
interventions.
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Table 3 Association of fragility indicators with adverse outcomes

Predictor Frequent infection Rapid CKD progression Hospitalization

OR (95% CI) p value OR (95% CI) p value OR (95% CI) p value

Age (years) 1.01 (0.93, 1.09) 0.82 0.96 (0.90, 1.03) 0.31 0.98 (0.92, 1.04) 0.54

Male sex 0.75 (0.44, 1.28) 0.29 1.58 (0.97, 2.57) 0.07 0.97 (0.64, 1.49) 0.91

African American race 1.21 (0.62, 2.35) 0.57 1.94 (1.14, 3.28) 0.01* 0.90 (0.54, 1.51) 0.70

Hispanic ethnicity 1.29 (0.62, 2.67) 0.50 1.61 (0.88, 2.96) 0.12 0.45 (0.22, 0.92) 0.03*

Glomerular diagnosis 0.17 (0.07, 0.42) < 0.0001* 3.23 (1.91, 5.47) < 0.0001* 1.14 (0.70, 1.86) 0.60

eGFR, per 10 ml/min/1.73 m2 0.95 (0.79, 1.14) 0.60 0.75 (0.64, 0.88) 0.0003* 1.00 (0.87, 1.15) 0.99

1–2 fragility indicators 1.45 (0.58, 3.60) 0.43 1.31 (0.65, 2.64) 0.45 1.33 (0.68, 2.60) 0.41

Fragile 3–4
Fragility indicators

3.16 (1.12, 8.90) 0.03* 2.01 (0.86, 4.72) 0.11 2.81 (1.27, 6.22) 0.01*

*p value < 0.05 indicates significant independent association with the adverse outcome by logistic regression analysis, adjusted for age, sex, race,
glomerular diagnosis, and eGFR. Results are reported as odds ratio (OR) with 95% confidence intervals in parentheses
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