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Abstract

Objectives—Mutations in KCNJ11 are the most common cause of permanent neonatal diabetes 

mellitus (NDM). Approximately 25% of patients have obvious neurological dysfunction, but 

whether milder related problems might be more common has been unclear. We sought to assess 

the prevalence of parental concerns about learning, behavior, attention deficit hyperactivity 

disorder (ADHD), social competency, and sleep in subjects with KCNJ11-related NDM compared 

to unaffected sibling controls.

Study design—Subjects or their guardians in the University of Chicago Monogenic Diabetes 

Registry completed a survey examining learning, behavior, ADHD and sleep. 30 subjects with 

KCNJ11-related NDM and 25 unaffected sibling controls were assessed. Data were analyzed 

using GraphPad Prism 6. Nonparametric analysis was performed using Fisher’s exact test for 

group comparisons.

Results—13 (43%) individuals with KCNJ11-related NDM had treatment for or a diagnosis of 

ADHD compared to 2 (8%) of the sibling controls (p<0.05). Compared to their sibling controls, 

individuals with KCNJ11 mutations had significant differences in behavior difficulties, social 

awareness, academic achievement and the need for an Individualized Education Plan (IEP). As 

seen in other neurodevelopmental disorders, individuals with KCNJ11 mutations also had 

significantly higher rates of sleep difficulties (p<0.01).

Conclusion—Patients with KCNJ11-related NDM are at an increased risk for delays in learning, 

social-emotional and behavioral development, ADHD and sleep difficulties based on parent report. 
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Early identification, along with integrated medical and developmental support, may promote better 

neurodevelopmental outcomes for this unique population. Further investigation utilizing detailed 

neuropsychological testing will better define the neurodevelopmental consequences of KATP 

mutations.
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INTRODUCTION

Neonatal diabetes mellitus (NDM), a genetic disorder characterized by the development of 

diabetes mellitus in the first six months of life, has been estimated in European populations 

to occur in 1 in 90,000–260,000 live births.1,2 Mutations in the KCNJ11 gene, encoding the 

Kir6.2 subunit of the ATP-sensitive potassium (KATP) channel, account for about 30% of 

cases of permanent NDM.3,4 Most patients with KCNJ11-related NDM can be treated with 

oral sulfonylureas rather than insulin injections.5

KATP channels are found in the hippocampus, cerebral cortex, basal ganglia and 

cerebellum,6,7 which is thought to explain the neurological dysfunction seen in some 

patients with KCNJ11-related NDM.8 Approximately 25% of patients with a gene mutation 

of the KATP channel subunit have clearly identifiable neurological dysfunction: 

developmental delay, epilepsy and neonatal diabetes (DEND) is a discrete syndrome 

describing the most severe clinical form of permanent NDM; intermediate DEND (iDEND) 

is a less severe phenotype without epilepsy.9 Although the remaining 75% of cases have 

often been described as having diabetes in isolation, some reports have suggested that these 

cases may have milder impairment in the form of difficulties such as learning disorders and 

ADHD.10 Indeed, in patients with KATP channel gene mutations who did not have DEND or 

iDEND, Busiah et al. found some degree of neuropsychological dysfunction related to 

attention, learning, language, and motor control.11 Due to the rare nature of this condition, 

studies regarding the spectrum of developmental outcomes are limited and the 

aforementioned findings were reported in European populations. It remains unclear to what 

extent any mild neuropsychological dysfunction may result in actual functional impairment 

or if such patients fall within the spectrum of typical functioning. To further examine the 

consequences of possible underlying neuropsychological dysfunction in patients with NDM, 

we hypothesized that patients with KCNJ11-related mutations would be more likely to have 

attention, behavior, learning and social differences compared to healthy sibling controls. 

Although sleep disturbances have not been reported in this population, we also examined 

sleep because of the high prevalence of sleep disturbances in children with 

neurodevelopmental disabilities or diabetes. 12–13

METHODS

Subjects with KCNJ11-related NDM and their unaffected siblings were consented for 

participation through the University of Chicago Monogenic Diabetes Registry (http://

monogenicdiabetes.uchicago.edu/registry/). Participants in the registry were consented 
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through protocols approved by the Institutional Review Board at the University of Chicago. 

The Registry uses surveys and medical records to collect longitudinal data about diagnosis, 

treatment, medical history, family history, and genetic testing results.14

Using targeted parent/guardian questionnaires and a comprehensive health survey, subjects 

were assessed for learning and social abilities, behavior and attention problems, attention 

deficit hyperactivity disorder (ADHD), and sleep disturbances (Supplemental Table 1). 

Surveys were distributed via email and in person to subjects or their guardians. All subjects 

with KCNJ11-related NDM were receiving treatment with sulfonylurea medications.

The unique survey created for this study included the most relevant items from the Child 

Behavior Checklist (CBCL). The CBCL is a standardized form to assess behavior in 

children, as reported by parents and parent-surrogates. The reliability and validity of the 

CBCL has been demonstrated through a large body of research in both clinical and non-

clinical populations.15 Our survey utilized questions from the CBCL regarding social 

development and learning as well as additional questions assessing behavior, sleep, ADHD 

and medical and therapeutic services utilized by the subjects (Supplemental Table 1).

Data were analyzed using GraphPad Prism 6 (GraphPad Software Inc, CA, USA, http://

www.graphpad.com). Nonparametric analysis was performed using Fisher’s exact test for 

group comparisons, or the two-sample t-test when variables were normally distributed. 

Statistical significance was considered at p<0.05.

RESULTS

Of the 459 individuals with an established monogenic etiology for diabetes within the 

University of Chicago Monogenic Diabetes Registry, 72 had a KCNJ11 mutation. We 

distributed 121 surveys (72 subjects and 49 known sibling controls) and received 55 

responses from 30 subjects, all with permanent neonatal diabetes (28 probands and 2 

affected family members), and 25 unaffected sibling controls (Table 1). The non-responders 

consisted of 31 subjects with permanent neonatal diabetes (24 probands and 7 affected 

family members), 11 with transient neonatal diabetes (6 probands and 5 affected family 

members), and 24 unaffected control siblings. It is notable that all of the affected responders 

had a permanent neonatal diabetes phenotype, while none of those with transient diabetes 

responded. Among probands with permanent neonatal diabetes, there was a response rate of 

54%, and responders (n=28) and non-responders (n=24) were similar by all characteristics, 

including household income and age at assessment (Table 1).

Compared to their sibling controls, individuals with KCNJ11 mutations had significant 

differences in academic achievement and the need for an Individualized Education Plan 

(IEP), more behavior problems (p<0.001), more symptoms and diagnoses of ADHD 

(p<0.001) and higher rates of sleep difficulties (p<0.01), per survey report (Table 2). When 

academic performance was considered compared to peer performance, individuals with 

KCNJ11-related NDM had significantly more difficulties in school than their siblings in 

several areas. 14 (60%) patients with NDM, compared to 2 (10%) of their sibling controls 

performed below their peers in reading (p<0.05). 17 (74%) individuals with NDM and 2 

Landmeier et al. Page 3

Pediatr Diabetes. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.graphpad.com
http://www.graphpad.com


(10%) sibling controls performed below their peers in math (p<0.001). Handwriting was also 

more difficult for patients with NDM; 13 (56%) had skills below their peers compared to 4 

(19%) of siblings (p<0.05). English performance was below peer ability for 11 (47%) 

individuals with NDM and 2 (10%) of the sibling controls (p<0.01). Finally, 10 (43%) 

individuals with NDM struggled with science compared to 1 (5%) of the sibling controls 

(p<0.01).

16 (53%) individuals with KCNJ11-related NDM had received occupational therapy, 

compared to 3 (14%) of their unaffected siblings (p<0.01). Likewise, 14 (47%) patients with 

NDM required speech therapy, while only 3 (14%) of their unaffected siblings had received 

speech therapy. 35% of the patients with NDM did not have any friends as reported by their 

parents, and 30% had reported deficits in social awareness. The sibling controls did not lack 

friendships or appropriate social awareness.

Of the 30 patients with a KCNJ11 mutation, 19 (63%) had behavior problems concerning to 

their parents. Only 4 (16%) of the unaffected siblings were reported to have behavior 

problems. 13 (43%) individuals with KCNJ11-related NDM had a diagnosis of ADHD or 

were being treated with medications and/or behavioral modifications for ADHD compared 

to 2 (8%) of the sibling controls, making ADHD significantly more prevalent in individuals 

with KCNJ11 mutations (p<0.05). Of the 11 patients with a diagnosis of ADHD, only 8 

(77%) were receiving any type of treatment. 2 patients with KCNJ11 mutations did not have 

a clinical diagnosis of ADHD but were receiving pharmacological treatment for their ADHD 

symptoms.

DISCUSSION

While childhood diabetes can be associated with cognitive dysfunction, it is mild in most 

cases and rarely meets criteria for clinically significant impairment.16 Using a 

straightforward screening questionnaire, our study demonstrates that KCNJ11-related NDM 

may be associated with learning difficulties, disturbances in social-emotional and regulatory 

behaviors, an increase in ADHD symptoms and diagnosis, and an increase in sleep 

difficulties. Although previous clinical and functional studies have suggested that certain 

more severely activating KCNJ11 mutations are more likely to have obvious 

neurodevelopmental disability, we intentionally included all subjects within our Registry 

with any KCNJ11 mutation. Children with the relatively common V59M mutation have 

uniformly been described as having developmental difficulties, whereas R201C cases are 

inconsistently reported as having challenges, and those with R201H mutations have usually 

been characterized as not having any clinically significant neurodevelopmental problems. 

The distribution of mutations in the current study reflected these more common mutations 

but the numbers of subjects was still too small to allow for reliable sub-group analysis; 

however, there was a wide distribution of reported difficulties amongst all mutation 

subtypes, including R201H. This supports our hypothesis that even the more mildly 

activating mutations may result in mild neurodevelopmental consequences. Studying larger 

groups of subjects of a variety of ages with more specific neuropsychological measures and 

comparison with siblings will further elucidate the consistency and breadth of impairment 

exhibited amongst those with KATP channel defects.
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It is worth noting that none of the subjects with transient neonatal diabetes responded to the 

survey. Those with a transient diabetes phenotype typically have mutations that are less 

strongly activating in in vitro expression studies that tend to correspond to severity of 

clinical phenotype. However, most reports have focused on the severe end of the spectrum 

and note that strongly activating mutations tend to have DEND-like neurological 

phenotypes 17, whereas detailed information on neurodevelopment or neuropsychological 

testing for those with mild mutations is usually not reported. Given the natural history of the 

transient phenotype, it is likely that these subjects are not currently struggling with diabetes 

management but it is unknown whether they are also less likely to be facing 

neurodevelopmental struggles. It may therefore be possible that they were less motivated to 

respond to the survey addressing these concerns; however, the number of subjects with a 

transient history was low (6 probands) and detailed testing of larger numbers of subjects are 

needed to determine the extent to which those with transient mild mutations exhibit any 

degree of neurodevelopmental impairment.

Academic difficulties associated with KCNJ11-related NDM occurred in the domains of 

reading, math, English and science. Compared to their unaffected siblings, more than 40% 

of the patients with NDM were below average in their academic achievement in these 

subjects, per parent report. Of these patients, 56% displayed poor handwriting skills, which 

may be a reflection of visual-motor deficits.11 This is supported by the finding of poor hand-

eye coordination associated with KCNJ11-related NDM.18,19

Parents reported behavior difficulties, lack of friendships, and deficits in social awareness in 

their children with KCNJ11-related NDM far more often than in their unaffected children. 

Such challenges in social-emotional and regulatory behaviors have not been previously 

described with KCNJ11-related NDM, which underscores the importance of early 

neuropsychological assessment and continued monitoring in these patients.

In a previous study, attention deficits were found in 100% of those with KCNJ11 mutations 

when given in-depth neuropsychological assessments.11, Despite the high prevalence of 

symptoms and diagnosis of ADHD in our cohort of patients with NDM, only three quarters 

of these patients were receiving any kind of treatment for ADHD. This is concerning 

because untreated ADHD symptoms often lead to functional impairments in multiple 

domains. Self-esteem, social function, and academic outcomes have all been shown to 

improve with treatment of ADHD.20 As patients with KCNJ11-related NDM are already at 

risk for having functional impairments in learning, behaviors and socialization, proper 

vigilance is important to recognize and treat ADHD early. The discrepancy of identifying 

ADHD by in-depth assessment11 versus parent report indicates the importance of 

neuropsychological monitoring in this at-risk population.

As has been seen in other studies of individuals with neurodevelopmental disabilities, sleep 

difficulties were more common among those children with a KCNJ11 mutation in our 

study.12 Although no other studies have looked at the impact of KCNJ11-related NDM on 

sleep, it may be that impairment of KATP channel function in the brain impacts sleep 

similarly to learning and behavior.
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Neurodevelopmental concerns likely result from a direct effect of brain expression of 

mutated KATP channels in these patients, but other factors may contribute. Diabetic 

ketoacidosis, seizures and episodes of severe hypoglycemia early in life—a time of critical 

brain development—may also impact neuropsychological and developmental progress. 

Pearson et al. found that most transitions from insulin to sulfonylureas are safe and highly 

effective in the short term for most patients with KCNJ11 mutations.3 In addition to 

potential neurodevelopmental improvements from sulfonylurea treatment, lifestyle changes 

could also significantly impact patients and their families. Management of NDM with 

sulfonylurea medications results in less frequent blood sugar monitoring and improved 

glycemic control, and a likely lower risk of short term and long-term complications. 

Furthermore, initiation of sulfonylurea therapy at a younger age allows for lower doses of 

medication and less need for additional medications.21

Modest improvements in cognitive and motor functioning occur in some affected patients 

after transition from insulin injection to oral sulfonylureas.9,22 Slingerland et al. found that 

transition from insulin to sulfonylureas positively impacted motor and cognitive function 

even in patients who were older than the time of critical brain development,9 but the timing 

of medication transition may influence the degree of benefit possible and may also 

significantly influence social-emotional and regulatory behaviors. In this regard, our 

previous study suggested that visuomotor performance can be improved by early treatment 

(under one year of age) with sulfonylureas in patients with KCNJ11-related NDM.18 Results 

of the current study demonstrated neurodevelopmental challenges in patients with KCNJ11 

mutation subtypes not previously thought to display a behavioral or developmental 

phenotype. Our study thus strengthens the evidence supporting the use of high dose 

sulfonylurea treatment in cases of KATP-related diabetes with any mutation, although a 

greater degree of benefit will likely be seen in patients with mutations that cause more 

significant neurodevelopmental impairment. As recognition of the importance of genetic 

testing in neonatal diabetes continues to grow, it is likely that babies will be identified and 

treated appropriately with sulfonylureas at an earlier age. Further long-term study of larger 

groups of patients at all ages and with all mutations subtypes will be required to better 

determine the extent to which any treatment benefits may depend on factors such as specific 

mutation, age at initiation of sulfonylureas, dose of sulfonylurea, and/or extent of diabetes-

related complications.

Our study has several limitations. There is no standardized tool available to assess 

neurodevelopment in those with KCNJ11-related NDM. The survey tool used in this study 

incorporated most questions from a standardized instrument but was further tailored 

specifically for concerns related to those with KCNJ11-related NDM. The survey instrument 

relied on parent or guardian report, as well as their willingness to participate, and was 

subject to sample bias. Although none of the subjects with transient neonatal diabetes 

responded (see above), we found that there were no differences between responders and 

non-responders with permanent neonatal diabetes. In addition, the sample obtained was 

representative of the distribution of mutations seen in the largest reports of KCNJ11-related 

NDM, with similar numbers of the most common mutations. 3,22 Although this study did not 

include full neuropsychological testing for the patients, the parent reports can be considered 

as reliable due to the presence of IEPs for two thirds of the patients with KCNJ11-related 
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NDM. In order to more distinctly characterize the neurodevelopmental differences 

highlighted by our study, future research should be directed at performing 

neuropsychological testing in this population. To address a response bias, we used siblings 

as the control group. Future studies should look at using a control group of individuals with 

other mutations that cause NDM in isolation, such as insulin gene mutations. The group of 

patients with KCNJ11-related NDM is difficult to compare to other individuals with 

diabetes, owing to the fact that they are treated with oral sulfonylureas rather than insulin 

and they do not regularly check their blood sugar.

Patients with KCNJ11-related NDM are at an increased risk for delays in learning, social-

emotional and behavioral development. Additionally we have demonstrated that they have 

an increased risk for sleep disturbances and ADHD. Our comparison of patients with 

KCNJ11-related NDM to their unaffected sibling controls suggests that the 

neuropsychological impairments are associated with the KATP channel mutation rather than 

a familial genetic predisposition and lends support to the notion that KATP channel mutations 

in the brain independently affect neurodevelopment. Using the CBCL, Lord et al. identified 

neurobehavioral dysfunction in a significant proportion of patients with congenital 

hyperinsulinism.23 Their results indicated that in this group of children with glucose 

aberrations resulting from a rare genetic disease, identification of the neurocognitive deficits 

were not identified until academic problems occurred in school. Early identification, along 

with integrated medical and developmental support, may promote better neurodevelopmental 

outcomes for this unique population. We recommend a proactive multidisciplinary approach 

with involvement from the primary care physician, neuropsychologist, developmental and 

behavioral pediatrician and educators, in addition to the pediatric endocrinologist.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NDM Neonatal Diabetes Mellitus

KATP ATP-sensitive potassium

DEND Developmental delay, epilepsy and neonatal diabetes

CBCL Child Behavior Checklist

ADHD Attention deficit hyperactivity disorder
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IQR Interquartile range

IEP Individualized Education Plan/Program
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Table 1

Characteristics of Proband Responders vs. Non-Responders and Control Responders.

KCNJ11 PNDM Survey 
Responders
(N=28)

KCNJ11 PNDM Survey Non 
Responders
(N=24)

Sibling Control Responders
(N=25)

Age at assessment (years)**

 Median 8.4 10.0 10.5

 Interquartile Range 5.9–12.5 5.4–18.8 7–15

Male sex—no. (%)** 12 (43) 15 (62) 12 (48)

Median Household Income (US$)a 70,519 67,243

 Standard Deviation 56–108,000 51–92,000

Age at NDM diagnosis (weeks)

 Median 7.8 9.9

 Interquartile range 4.7–15.1 5.6–16.6

Age at Sulfonylurea initiation (years)

 Median 1.2 2.5

 Interquartile range 0.3–5.6 0.6–13.7

KCNJ11 Mutation Subtype

 R201H 9 5

 R201C 6 3

 V59M 6 5

 Other 7 11

a
Based on postal code; p>0.05 (two-sample t-test).

All p values were >0.05 for all comparisons between PNDM proband responders vs. non-responders.

**
p values were >0.05 for proband responders vs control responders, and also for the total group of responder subjects (n=30) vs. control 

responders.
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Table 2

Neurodevelopmental Findings

KCNJ11 Mutation
(N=30)

Sibling Control
(N=25)

P value

ADHD diagnosis or treatment with ADHD medications and/or behavioral modifications 
(%)

13 (43) 2 (8) <0.001

IEP Evaluation (%) 20 (67) 2 (9) <0.001

Sleep Disturbance (%) 14 (47) 2 (9) <0.01

Specialist Care (%):

-Neurologist 11 (37) 0 (0) <0.001

-Developmental and Behavioral Pediatrician 11 (37) 2 (10) <0.05

-Psychologist 11 (37) 5 (24) NS

-Speech/Language Pathologist 14 (47) 3 (14) <0.05

-Occupational Therapist 16 (53) 3 (14) <0.01

ADHD- attention deficit hyperactivity disorder

IEP- individualized education program/plan

NS- not significant
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