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Abstract

PMM2-CDG (formerly CDG-1a), the most common type of congenital disor-

ders of glycosylation, is inherited in an autosomal recessive pattern.

PMM2-CDG frequently presents in infancy with multisystemic clinical

involvement, and it has been diagnosed in over 1000 people worldwide. There

have been few natural history studies reporting neurodevelopmental character-

ization of PMM2-CDG. Thus, a prospective study was conducted that included

neurodevelopmental assessments as part of deep phenotyping. This study,

Clinical and Basic Investigations into Known and Suspected Congenital Disor-

ders of Glycosylation (NCT02089789), included 14 participants (8 males and

6 females ages 2–33 years) with a confirmed molecular diagnosis of

PMM2-CDG. Clinical features of PMM2-CDG in this cohort were neurodeve-

lopmental disorders, faltering growth, hypotonia, cerebellar atrophy, periph-

eral neuropathy, movement disorders, ophthalmological abnormalities, and

auditory function differences. All PMM2-CDG participants met criteria for

intellectual disability (or global developmental delay if younger than age 5).

The majority never attained certain gross motor and language milestones. Only

two participants were ambulatory, and almost all were considered minimally

verbal. Overall, individuals with PMM2-CDG present with a complex neurode-

velopmental profile characterized by intellectual disability and multisystemic

presentations. This systematic quantification of the neurodevelopmental pro-

file of PMM2-CDG expands our understanding of the range in impairments

associated with PMM2-CDG and will help guide management strategies.
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1 | INTRODUCTION

Congenital disorders of glycosylation (CDG) are a group of
rare genetic disorders characterized by defects of various
glycosylation synthetic pathways.1,2 There are over 190 types
of CDGs, defined by the variant gene in one of the synthetic
pathways affected.3 There is variable neurologic and multi-
organ system involvement in CDGs with presentations
ranging from hydrops fetalis to functional adults.

The most common type, PMM2-CDG (OMIM #212065),
is an N-linked glycosylation disorder caused by pathogenic
variants in PMM2, and approximately 1000 cases have been
reported worldwide.4 The most common pathogenic variant
(c.422G>A, p.R141H) has a carrier frequency of about 1 in
70 in the northern European population. The Exome Aggre-
gation Consortium reported a carrier frequency of 1 in
76 and can be lethal in the homozygous state.5

Diagnosis is typically confirmed in infancy and clinical
features emerge with age.6 The clinical presentation of
PMM2-CDG is highly variable in severity and symptom pro-
file.4,7 Neurological involvement is characterized by early fal-
tering growth (previously known as failure to thrive),
developmental delay or intellectual disability (ID), hypotonia,
movement disorders, cerebellar atrophy, seizures, stroke-like
episodes, and peripheral neuropathy.6,8 Other systemic mani-
festations including skeletal (e.g., osteopenia, kyphoscoliosis),
hematological (e.g., risk of bleeding and thrombosis), oph-
thalmological (e.g., strabismus, contaracts, retinitis pigmen-
tosa), and audiological abnormalities (e.g., sensorineural
hearing loss) can further contribute to neurodevelopmental
impairments.9,10

Developmental delay leading to ID is a significant neu-
rological feature of PMM2-CDG. The ID found in
PMM2-CDG is thought to be variable in severity, but data
are limited.1,7,11,12 Altassan et al.4 show that a full range
from mild to profound ID is present (including a small pro-
portion that are in the borderline ID range—between aver-
age intellectual functioning and ID). The authors noted that
omission of information about severity of ID in extant stud-
ies of PMM2-CDG may be explained by the severity itself;
there is a lack of sensitivity of intelligence tests in this range
of functional impairment.13 For example, one prospective
study evaluated 13 individuals with PMM2-CDG, however,
cognitive functioning scores were obtained on less than
half, with IQ scores ranging from low average (91) to mod-
erate (40).14 Thus, there seems to be variability and likely
underestimation of ID in the more severe ranges reported,
due to the large percentage of affected individuals deemed
untestable. With respect to developmental milestones,
attainment of motor and language milestones are not com-
prehensibly described in the literature.4 A recent prospec-
tive study reported developmental milestones of
51 individuals with PMM2-CDG aged 0.75–34 years. The
study reported all had development delay, but no further

information (i.e., IQ scores, ID severity) was provided, and
achievement of milestones were not reported.

Overall, data informing our current understanding of
neurodevelopmental and neuropsychological functioning
in PMM2-CDG are case studies or retrospective data
reports, and current prospective studies provide limited
information and/or have deemed some individuals
untestable. Here, we used a hierarchical, systematic
approach of testing procedures to report the neurodeve-
lopmental profiles of individuals with PMM2-CDG
within the context of related systematic involvements
and establish the range in severity and presentation of
neurodevelopmental impairments.

2 | STUDY PROCEDURE

Data were prospectively collected under the NIH protocol
14-HG-0071 “Clinical and Basic Investigations into Known
and Suspected Congenital Disorders of Glycosylation”
(http://clinicaltrials.gov, trial NCT02089789), which was
approved by the National Human Genome Research Insti-
tute's institutional review board. Inclusion criteria were
individuals over 1-year-old weighing more than 10 kg,
with known or suspected CDG based on (1) biochemical
testing or (2) a confirmed diagnosis of CDG based on enzy-
matic or molecular testing, and the ability to travel to the
NIH. Parents or guardians provided written informed con-
sent for minors. Each participant visited the NIH Clinical
Center for an evaluation and further phenotyping includ-
ing assessments in multiple body systems. For the current
analyses, only participants with a molecular genetic confir-
mation of PMM2-CDG (via exome sequencing, whole
genome sequencing, specific panels, or by targeted PMM2
sequencing) are included.

2.1 | Participants

Fourteen participants aged 2–33 years (M = 8.66 years,
SD = 7.72 years) with a diagnosis of PMM2-CDG
comprise the sample, including eight males and one set
of siblings. Ninety-three percent of participants were
non-Hispanic (n = 13); the majority of participants were
White (n = 11); three participants were of multiple races.

2.2 | Measures

2.2.1 | Medical history and clinical
presentation

Available medical records for participants were collected
and reviewed prior to study visits. In addition, a
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standardized phone interview was conducted with
parent(s)/guardian(s), which reviewed the participant's
developmental and medical history, family history, and
medications or interventions.

The clinical presentations of related systems reported
include findings from evaluations related to physiatry,
neurology, audiology, and ophthalmology. All informa-
tion was obtained from preadmission records reviews,
parent report as well as information from the NIH evalu-
ation. Information included consultant exams, MRI and
MRS brain imaging, neuropsychological testing, hearing
and eye exams, nerve conduction velocity/EMG, video
analysis of movement disorders, laboratory tests, over-
night EEGs and sleep studies (see additional Supporting
Information Methods for more information). This was
done to further characterize the nuanced relationship
between the multisystemic related clinical presentations
relative to the neurodevelopmental profiles.

2.2.2 | Cognitive and developmental
functioning

Participants were administered developmental and cogni-
tive assessments using a hierarchical approach based on age
and estimated cognitive abilities.15 Full-Scale IQ (FSIQ) or
Composite Standard Score were reported when possible,
and for out-of-age range cases, the developmental quotient
(DQ) was calculated [(mental age/chronological age) �
100]. Developmental and cognitive assessments adminis-
tered include the Mullen Scales of Early Learning,16 Differ-
ential Ability Scales-Second edition,17 and the appropriate
Wechsler Intelligence Scales (Wechsler Preschool and Pri-
mary Scale of Intelligence, Fourth Edition (WPPSI-IV),18

Wechsler Intelligence Scale for Children, Fifth Edition
(WISC-V),19 or Wechsler Adult Intelligence Scale, Fourth
Edition (WAIS-IV)20), contingent on the participant's age.

The Mullen Scales of Early Learning is a standardized
developmental test normed for children from birth to
5 years, 8 months.16 T scores (mean = 50, SD = 10, range
20–80) and age equivalents are computed for the five
domains, Gross Motor, Visual Reception, Fine Motor,
Expressive Language, and Receptive Language and an
Early Learning Composite (mean = 100, SD = 15). DQ
was calculated when the measure was used out-of-age
range cases and if the participant was unable to achieve a
T score (<20) on one or more domains. Nonverbal DQ
included the mean of Visual Reception and Fine Motor
age equivalents and Verbal DQ included the mean of the
Expressive Language and Receptive Language age
equivalents.

The Differential Ability Scales, Second Edition
(DAS-II), Early Years is a measure of cognitive

functioning for normed preschool and school age chil-
dren, ages 2 years, 6 months to 17 years, 11 months.17

DAS-II assesses verbal, nonverbal reasoning, and spatial
ability. The measure provides T scores (mean = 50,
SD = 10) for each of these domains, and a General Con-
ceptual Ability (mean = 100, SD = 15), equivalent
to FSIQ.

The Wechsler Intelligence Scales (WPPSI-IV,
WISC-V, and WAIS-IV) assess cognitive ability across dif-
ferent ages. The assessments produce a FSIQ standard
score (mean = 100, SD = 15). More information on each
Wechsler Intelligence Scale administered is provided in
additional Supporting Information Methods.

2.2.3 | Adaptive behavior

The Vineland Adaptive Behavior Scales, Second Edition
is a semi-structured caregiver interview that assesses
adaptive functioning from birth through age 90 in the
areas of communication, daily living, socialization, and
motor skills.21 The measure provides standard scores for
each domain and an adaptive behavior composite (ABC;
mean = 100, SD = 15). One participant received the
Vineland 3.22

2.2.4 | Milestones

Retrospective data on participants' developmental mile-
stones from parents were collected during the standard-
ized interview and neurodevelopmental psychological
evaluation, and from record review. Parents/guardians
were asked to recall if and when their child obtained var-
ious milestones (i.e., gross motor and language
milestones).

3 | RESULTS

3.1 | Genetic and clinical presentation of
related systems

Seven of 14 participants had the known common patho-
genic variant (c.422G>A (p.R141H))23 as one of the two
pathogenic variants in this recessive disorder. Three of
14 participants had another pathogenic variant
(c.710C>G (p.T237R)). The remaining pathogenic vari-
ants of the participants were each present only once
among our sample (see Table 1).

Seven of the 14 participants had a history of faltering
growth. Thirteen of 14 participants had cerebellar atro-
phy, and the remaining participant without cerebellar
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atrophy had mild cerebral atrophy on their MRI scan.
Twelve of 14 participants had peripheral neuropathy.
Nine of 14 participants had a movement disorder; eight
participants had ataxia (ages 2–11 years) and one partici-
pant had extrapyramidal movement disorder (age
5 years). Results in Tables S1–S4 show normal renal and
hepatic function.

While 3 of 13 participants had normal EEGs, two
showed epileptiform activity and slowing of background
activity suggestive of cerebral dysfunction (Table 2). Four
showed only slowing. Three had sharps or spike activity
and one had runs of delta activity during sleep possibly
due to mini-arousals, suggestive of global cerebral dys-
function. Four of 14 participants had a history of seizures.
Of these, one participant had absence seizures, one par-
ticipant had tonic–clonic seizures, one participant had
tonic–clonic and myoclonic seizures, and one participant
had febrile seizures. Only two participants, were

currently on anticonvulsant medications (Table 2). No
other participants, even those with EEGs showing epilep-
tiform activity or sharps, were on anticonvulsants.

Five of 14 participants had auditory processing defects
and/or sensorineural hearing loss, with details shown in
Table 1. Ophthalmology findings are reported in Table 3,
and indicate findings in all 14 patients, with most com-
mon retinal degeneration/retinitis pigmentosa (= 12),
esotropia or strabismus (often corrected with sur-
gery) (n = 13).

3.2 | Neurodevelopmental assessment

Table 4 shows 93% (n = 13) had Vineland ABC scores in
the low range and a profile of higher Socialization scores
compared to Daily Living scores was consistent across par-
ticipants. The mean communication SS was 63.86,

TABLE 2 Seizure findings for 14 individuals with PMM2-CDG.

Subject
number Sex

Age
(years)

NIH EEG
findings
(normal/
abnormal)

EEG
findings
include
epileptiform
activity
(Y/N)

EEG
findings
include
slowing
(Y/N)

EEG findings
include sharps or
spikes, indicating
increased risk of
seizures (Y/N)

Other
EEG
findings

Clinical
seizure
presence
(Y/N) and
seizure
type

Current
seizure
medication

1 M 4.06 Normal N N N – N None

2 F 9.61 Abnormal N Y N – N None

3 M 5.30 Abnormal N N Y – N None

4 M 7.49 Abnormal Y N Y – N None

5 F 6.93 Normal N N N – N None

6 M 4.10 Abnormal N N Y – N None

7 M 3.47 Normal N N N – N None

8a F 7.58 Abnormal N Y N – Y
Absence

None

9 F 3.68 Normal N N N – N None

10 M 11.03 Abnormal Y Y N – N None

11 M 2.58 Abnormal N N Y – N None

12a F 9.03 Abnormal N N N Runs of
deltal
activity
during
sleep

Y
Tonic
Clonic

None

13 M 13.19 – – – – – Y
Tonic
Clonic,
Myoclonic

Dilantin
and
Klonopin
with Diastat
rescue

14 F 33.17 Abnormal N Y Y Y
Febrile

Diamox

Abbreviations: –, information not reported; F, female; M, male; N, no; Y, yes.
aPatient 8 and Patient 12 are siblings.
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(SD = 14.20, range = 38–83), mean Daily Living Skills SS
was 57.64 (SD = 13.70, range = 34–73), and the mean
Socialization SS was 67.93 (SD = 14.93, range = 43–88).
Standard scores for the motor domain are only normed for
individuals 7 years and younger, thus age equivalent for
gross (n = 13) and fine motor (n = 14) domains were
reported. Gross and fine motor skills were severely
impaired, such that while age of participants ranged from
31 months (2 years 7 months) to 398 months (33 years
2 months) (mean 103.60 ± 92.76 months), age equivalents
for fine motor ranged from 5 to 73 months (6 years
1 month) (mean 32.36 ± 23.51 months). Age equivalents
for gross motor ranged from 1 month to 41 months (mean
12.08 ± 10.05 months). Gross motor age equivalents were
lower than fine motor age equivalent for all participants.

The Mullen Scales of Early Learning (n = 8), DAS-II
(n = 1), WPPSI-IV (n = 1), WISC-V (n = 3), WAIS-IV
(n = 1) were administered to assess developmental and
cognitive functioning. The mean nonverbal IQ estimate
was 44.50 (SD = 21.93, range = 3.90–73.00). The average
overall verbal IQ estimate was 45.19 (SD = 23.92,
range = 4.34–80.35). FSIQ was less than 70 in all partici-
pants, and less than 35 (in the range to be considered
severe or profound) in four patients. Given these scores
and score on adaptive behavior measures, diagnoses of ID
(or its equivalent of global developmental delay, which is
reserved for children under 5 years), were made according
to the Diagnostic and Statistical Manual of Mental
Disorders-Fifth Edition (see Table 3).25 Severity levels are

not made when the diagnosis is global developmental
delay.25 The severity level of ID in the eight participants
over age 5 were mild (n = 4), moderate (n = 1), profound
(n = 2), and unspecified (n = 1, due to profound motor
and visual impairments including 20/270 visual acuity).

3.3 | Milestones

As seen in Table 2, only 2 of 14 participants were ambulatory
and 7 of 14 cruised but did not walk independently. Mean
age for gross motor milestones were as follows: rolled
over = 12 months; sat alone unsupported = 24 months;
crawled = 28 months; cruised (for the 7 who attained)
= 51 months. Among the two ambulatory participants, the
mean age of walking independently was 25 months. With
respect to speech and language milestones, attainment of first
words in the eight participants it was reported for ranged
from 12 to 42 months, with an average age attainment of
21 months. Of the five participants reported to put two words
together, the mean age of attainment was 44 months. For toi-
let training, only one participant attained bladder training
during the day at 72 months (see Figure 1) (Table 5).

3.4 | Support services

At the time of study participation, all participants
except one (the participant was 33 years of age during

TABLE 3 Ophthalmological findings for 14 individuals with PMM2-CDG.

Subject
number Sex

Age
(years)

Nystagmus
(Y/N)

Strabismus/
esotropia (Y/N)

Cataract
(Y/N)

Optic
atrophy
(Y/N)

Retinal degeneration/retinitis
pigmentosa (Y/N)

1 M 4.06 N Y N N Y

2 F 9.61 N Y N N Y

3 M 5.30 Y Y N N Y

4 M 7.49 Y Y N Y Y

5 F 6.93 N Y N N Y

6 M 4.10 N Y N N Y

7 M 3.47 N Y N N N

8a F 7.58 N Y N N Y

9 F 3.68 N Y N N Y

10 M 11.03 N N N N Y

11 M 2.58 N Y N N N

12a F 9.03 N Y N N Y

13 M 13.19 N Y N N Y

14 F 33.17 N Y Y N Y

Abbreviations: F, female; M, male; N, no; Y, yes.
aPatients 8 and 12 are siblings.
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their visit and previously received services in child-
hood) were receiving services including occupational,
speech, and physical therapy through special educa-
tion services or specialized school/program. Although
one participant was homeschooled, they received
occupational and speech therapy.

4 | DISCUSSION

We report on the neurodevelopmental profiles of 14 indi-
viduals with (PMM2-CDG), comprised primarily of
young participants, who received systematic evaluations
in a prospective study. Neurodevelopment profiles were

FIGURE 1 Attainment of

milestones in months among

individuals with PMM2-CDG.

Each individual's milestone

attainment is represented by a

circle. The diamond denotes the

97th percentile for motor

milestones indicated by the

World Health Organization.26

The percentage of individuals in

the sample who attained each

milestone is indicated in the

parentheses following the

milestone. The two individuals

not shown on the figure for

“said first words” were noted as

delayed, but the exact age of

attainment was unknown.

TABLE 5 Developmental milestones (in months) of 14 individuals with PMM2-CDG as reported by the parents.

Subject
number

Age
(months)

Gross motor Language
Daily living
skills

Rolled
over

Sat alone
unsupported Crawled Cruised

Walked
independently

Said
first
words

Put two
words
together

Bladder
training
day

1 48 6 13 18 N/R N/R 18 N/R N/R

2 115 12 N/R N/R N/R N/R N/R N/R N/R

3 63 15 N/R N/R N/R N/R – N/R –

4 89 24 48 N/R 84 N/R 42 78 N/R

5 83 11 30 42 42 N/R 12 48 N/R

6 49 8 13 13 24 N/R 24 N/R N/R

7 41 – 36 36 – N/R A/D N/R N/R

8 91 24 30 36 48 N/R 24 30 –

9 44 4a 18 37 30 N/R 12 40 N/R

10 132 5 15 – – 24 A/D – –

11 31 10 N/R N/R N/R N/R N/R N/R N/R

12 108 9 15 15 – 25 14 24 72

13 158 13 36 N/R 90 N/R N/R N/R N/R

14 398 8.5 12 30 36 N/R 24 – –

Abbreviations: –, information unknown; A/D, apparent delay, but age of attainment unknown; N/R, not reached.
aLoss of milestone.

8 of 11 WEIXEL ET AL.



reported in tandem with the clinical presentations of
related systemic involvement to delineate the extent to
which these systems and impairments (i.e., physical
and/or sensory impairments) impact neurodevelopment
functioning.

Consistent with previous reports in the literature and
observed in all participants in the current study, the clini-
cal features of PMM2-CDG are multisystemic. Medical
complications reported in this cohort included faltering
growth and epilepsy and seizures, along with neurologic,
motor, and hearing and vision impairments. The history
of faltering growth in 50% of our cohort was slightly
lower than the previous reports of 66.5% for faltering
growth in the first year of life.4 While one previous cohort
study found 35% of participants with PMM2-CDG had
epilepsy and another study found 57% had seizures,9 our
cohort found a lower rate of seizures (27%), which could
be attributed to the relatively young age of the sample,
missing individuals with later onset epilepsy.8,27 Renal
and liver ultrasound findings were consistent with those
previously reported in the literature.4

Motor, physical, and neurologic impairments impact-
ing gross and fine motor skills were observed, including a
majority of participants having some type of movement
disorder, consistent with prior reports.1,8 All but one par-
ticipant in the current study presented with cerebellar
atrophy, consistent with previous report that found cere-
bellar atrophy pervasive in PMM2-CDG.8,9 Previous
cohort studies found high prevalence of ataxia (90%),
comparatively, our cohort had a lower prevalence of
ataxia (57%).8 The clinical diagnosis of ataxia may be dif-
ficult to confirm before the age of 2.11 It is important to
note, cerebellar atrophy may contribute to cerebellar
ataxia, a common finding among individuals with
PMM2-CDG.14,27 With 86% of the current cohort having
peripheral neuropathy, it was even more prevalent than
previous reports.8,9 In addition, although peripheral neu-
ropathy is typically diagnosed in older children and
adults,6 peripheral neuropathy was observed in younger
individuals in this cohort, ages two to 13 years old.

Auditory and ophthalmologic abnormalities highlight
sensory impairments found in individuals with
PMM2-CDG. Thirty-six percent of the current cohort pre-
sented with sensorineural hearing loss or auditory defects,
consistent with previous estimates of 8%–33% for sensori-
neural hearing loss in this population.4 Every participant in
this cohort had ophthalmological abnormalities; retinal
degeneration and esotropia/strabismus were prominent,
consistent with previous studies, but with the addition of
some previously less reported ophthalmologic presentations
(i.e., optic atrophy and posterior subcapsular cataract).4

Parental report on milestones in the study demon-
strated most individuals with PMM2-CDG were

significantly delayed in or lacking the attainment of
motor milestones. All participants rolled over, however,
fewer participants acquired later gross motor milestones
such as crawling and walking; acquisitions of those skills,
when accomplished, were always delayed. In fact, only
14% of participants were able to walk independently
while 64% of participants cruised on average at
51 months. Results from the motor domain of the Vine-
land quantify and corroborate this finding of severe
motor impairment.1,4 Limited expressive language was
observed; attainment of language milestones
was delayed, with only 42% of the children and adults
sampled able to put two words together. One or more
domains of adaptive function on the Vineland were
impaired and individuals received support and services
such as speech, occupational, and physical therapy.

This is one of the first prospective study characteriz-
ing the neurodevelopmental profiles of PMM2-CDG
where all individuals included in the study were adminis-
tered a cognitive assessment regardless of impairments.
Results from neurodevelopmental evaluation revealed all
participants meet criteria for global developmental delay
or ID. We reported variability in ID (and global develop-
mental delay in the younger patients) in individuals with
PMM2-CDG. We did find more than just a mild delay or
impairment (indications that ID would be more than just
mild) in close to 30% of the sample, after testing all indi-
viduals using a hierarchical approach. This is important
to note, in light of previous studies that have deemed
some subjects untestable, thus these findings provide
confirmatory evidence for the general trends reported in
the clinical guidelines published.4 When reporting on the
neurodevelopmental profile of individuals with
PMM2-CDG, it is paramount that the interpretation of
adaptive and cognitive functioning scores be done in con-
junction with their clinical presentations of related sys-
temic involvement. Given the multisystemic clinical
presentation including medical, motor, and sensory com-
plications, for individuals with profound ID at least, the
known nomenclature—Profound Intellectual and Multi-
ple Disabilities (PIMD)13 should be considered.

5 | LIMITATIONS

Genetic findings from the study indicated two pathogenic
variants (c.422G>A (p.R141H)) and (c.710C>G
(p.T237R)) were common among participants and
16 other pathogenic variants were identified. While this
study reports on the comprehensive neurodevelopmental
profiles of one of the largest cohorts of PMM2-CDG to
date, the sample size limited further analysis of the
genotype–phenotype of the neurodevelopmental profiles
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for the different observed genetic pathogenic variants of
PMM2-CDG in the sample. The range of genetic variants
considered with the spectrum of clinical presentations
exemplify possible genotype–phenotype heterogeneity in
PMM2-CDG and warrants further investigation as more
affected individuals are reported. In addition, longitudi-
nal neurodevelopmental assessments in individuals with
PMM2-CDG are needed to understand the trajectory and
progression of skill development in this population,
and especially to more fully understand ID in this popu-
lation, given how relatively young the current sample
was. As found in other genetic conditions associated with
neurodevelopmental disorders, neurodevelopmental test-
ing scores, including adaptive functioning, are lower in
older individuals as their trajectory further diverges from
typically developing peers.28

It is also important to note the neurodevelopmental
deficits identified has various attributions (and recipro-
cally has cascading effects on further development),
including the cerebellar atrophy found in PMM2-CDG,
the motor disability, ataxia, movement disorder, neuropa-
thy, vision or hearing impairment, and seizure control.
These various attributions are the reasons for including
data on motor disability, movement disorder, neuropa-
thy, vision impairment, hearing impairment and seizure
control. Developmental profiles are impacted by other
systematic involvement, along with cerebral involvement.
Presenting these findings together allows for a holistic
understanding of this population's developmental profile.

Another limitation of this research may involve ascer-
tainment bias—families and patients with more severe
PMM2-CDG presentations may volunteer to participate
in the NIH time-intensive study, because they benefit
extensively from the subsequent evaluations and recom-
mendations provided. Conversely, families and patients
with milder PMM2-CDG presentations may be satisfied
with their current understanding of the patient's well-
being and care routines, and thus, may perceive a time-
intensive study to be less beneficial.4,24,29

6 | CONCLUSIONS

Overall, the findings of this study suggest that the diagno-
sis of PMM2-CDG is associated with ID with multiple dis-
abilities, including neurologic, motoric, audiologic and
ophthalmologic. Significant delays typically begin in
infancy, with discrepancy in milestones attainment and
limited evidence of loss of milestones in this cohort. The
distinction of the PIMD classification comprising some
of this cohort, along with every individual presenting
with multisystem presentations, is an essential recognition
not only for how it impacted the standardized

neurodevelopmental assessments of this study, but more
broadly how it impacts these individual's overall
development.

AUTHOR CONTRIBUTIONS
All authors contributed to the study conceptualization,
design, data collection, analysis, and interpretation of the
data, as well as the drafting and revising of the manu-
script. Audrey Thurm and Lynne Wolfe supervised the
project. All authors read and approved the final version
of the manuscript.

ACKNOWLEDGEMENTS
We sincerely thank the individuals and their families for
collaborating with and contributing to this study. This
study was supported by the Intramural Research Program
of the National Human Genome Research Institute
(HG000215-20), and the National Institute of Mental
Health (ZIC-MH002961) Bethesda, Maryland, USA. The
authors confirm independence from the sponsors;
the content of the article has not been influenced by the
sponsors.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.

ETHICS STATEMENT
This study was approved by the National Human
Genome Research Institute's institutional review board.

PATIENT CONSENT
The procedures in this study were performed in accor-
dance with the ethical standards for medical research
outlined in the Helsinki Declaration. Informed consent
was obtained from all patients and/or parents included in
the study. No identifying patient information is included
in this article. Not applicable. This article does not con-
tain any studies with animal subjects performed by the
any of the authors.

ORCID
Tara Weixel https://orcid.org/0000-0002-0330-5112

REFERENCES
1. Chang IJ, He M, Lam CT. Congenital disorders of glycosyla-

tion. Ann Transl Med. 2018;6(24):477.
2. Ng BG, Freeze HH, Himmelreich N, Blau N, Ferreira CR. Clin-

ical and biochemical footprints of congenital disorders of

10 of 11 WEIXEL ET AL.

https://orcid.org/0000-0002-0330-5112
https://orcid.org/0000-0002-0330-5112


glycosylation: proposed nosology. Mol Genet Metab. 2024;142:
108476.

3. Freeze HH, Jaeken J, Matthijs G. CDG or not CDG. J Inherit
Metab Dis. 2022;45(3):383-385.

4. Altassan R, Péanne R, Jaeken J, et al. International clinical
guidelines for the management of phosphomannomutase
2-congenital disorders of glycosylation: diagnosis, treatment
and follow up. J Inherit Metab Dis. 2019;42(1):5-28.

5. Freeze HH, Ng BG, Patterson MC. Disorders of glycosylation.
In: Swaiman KF, Ashwal S, Ferriero DM, et al., eds. Swaiman's
Pediatric Neurology. 6th ed. Elsevier; 2017:317-322.

6. Lam C, Krasnewich DM. PMM2-CDG. In: Adam MP,
Feldman J, Mirzaa GM, et al., eds. GeneReviews®. University of
Washington; 2021.

7. Schiff M, Roda C, Monin M-L, et al. Clinical, laboratory and
molecular findings and long-term follow-up data in 96 French
patients with PMM2-CDG (phosphomannomutase 2-congenital
disorder of glycosylation) and review of the literature. J Med
Genet. 2017;54(12):843-851.

8. Muthusamy K, Perez-Ortiz JM, Ligezka AN, et al. Neurological
manifestations in PMM2-congenital disorders of glycosylation
(PMM2-CDG): insights into clinico-radiological characteristics,
recommendations for follow-up, and future directions. Genet
Med. 2024;26(2):101027.

9. Monin M-L, Mignot C, De Lonlay P, et al. 29 French adult
patients with PMM2-congenital disorder of glycosylation: out-
come of the classical pediatric phenotype and depiction of a
late-onset phenotype. Orphanet J Rare Dis. 2014;9(1):207.

10. Witters P, Edmondson AC, Lam C, et al. Spontaneous improve-
ment of carbohydrate-deficient transferrin in PMM2-CDG
without mannose observed in CDG natural history study.
Orphanet J Rare Dis. 2021;16(1):102.

11. Wolfe LA, Krasnewich D. Congenital disorders of glycosylation
and intellectual disability. Dev Disabil Res Rev. 2013;17(3):211-225.

12. Sacks SZ, Silberman RK. Educating Students Who Have Visual
Impairments with Other Disabilities. Paul H. Brookes Publishing
Co; 1998.

13. Soorya L, Leon J, Trelles MP, Thurm A. Framework for asses-
sing individuals with rare genetic disorders associated with
profound intellectual and multiple disabilities (PIMD): the
example of Phelan McDermid syndrome. Clin Neuropsychol.
2018;32(7):1226-1255.

14. Serrano M, de Diego V, Muchart J, et al. Phosphomannomu-
tase deficiency (PMM2-CDG): ataxia and cerebellar assessment.
Orphanet J Rare Dis. 2015;10(1):138.

15. Bishop SL, Farmer C, Thurm A. Measurement of nonverbal IQ in
autism spectrum disorder: scores in young adulthood compared
to early childhood. J Autism Dev Disord. 2015;45(4):966-974.

16. Mullen M. Mullen Scales of Early Learning. American Guid-
ance Service; 1995.

17. Elliott C. Manual for the Differential Ability Scales. 2nd ed. Har-
court Assessment; 2007.

18. Wechsler D. Wechsler Preschool and Primary Scale of Intelli-
gence. 4th ed. Psychological Corporation; 2012.

19. Wechsler D. Wechsler Intelligence Scale for Children. 5th ed.
Psychological Corporation; 2014.

20. Wechsler D. Wechsler Adult Intelligence Scale. 4th ed. Psycho-
logical Corporation; 2008.

21. Sparrow S, Cicchetti D, Balla D. Vineland Adaptive Behavior
Scales. 2nd ed. Pearson Assessments; 2005.

22. Sparrow SS, Cicchetti DV, Saulnier CA. Vineland Adaptive
Behavior Scales–Third Edition (Vineland-3). Pearson; 2016.

23. Sparks SE, Krasnewich DM. PMM2-CDG (CDG-Ia). Gen-
eReviews®. University of Washington; 2015.

24. Gilfix BM. Congenital disorders of glycosylation and the chal-
lenge of rare diseases. Hum Mutat. 2019;40(8):1010-1012.

25. American Psychiatric Association. Diagnostic and Statistical
Manual of Mental Disorders (DSM-5®). American Psychiatric
Association; 2013.

26. WHO Multicentre Growth Reference Study Group, de Onis M.
WHO Motor Development Study: windows of achievement for
six gross motor development milestones. Acta Paediatr. 2006;
95:86-95.

27. Pérez-Dueñas B, García-Cazorla A, Pineda M, et al. Long-term
evolution of eight Spanish patients with CDG type Ia: typical
and atypical manifestations. Eur J Paediatr Neurol. 2009;13(5):
444-451.

28. Farmer C, Thurm A, Troy JD, Kaat AJ. Comparing ability and
norm-referenced scores as clinical trial outcomes for neurode-
velopmental disabilities: a simulation study. J Neurodev Disord.
2023;15(1):4.

29. Vals M, Pajusalu S, Kals M, Mägi R, Õunap K. The prevalence
of PMM2-CDG in Estonia based on population carrier frequen-
cies and diagnosed patients. JIMD Rep. 2018;39:13-17.

SUPPORTING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Weixel T, Adedipe D,
Muldoon G, et al. Neurodevelopmental profiles of
14 individuals with phosphomannomutase
deficiency (PMM2-CDG). J Inherit Metab Dis. 2025;
48(1):e12782. doi:10.1002/jimd.12782

WEIXEL ET AL. 11 of 11

info:doi/10.1002/jimd.12782

	Neurodevelopmental profiles of 14 individuals with phosphomannomutase deficiency (PMM2‐CDG)
	1  INTRODUCTION
	2  STUDY PROCEDURE
	2.1  Participants
	2.2  Measures
	2.2.1  Medical history and clinical presentation
	2.2.2  Cognitive and developmental functioning
	2.2.3  Adaptive behavior
	2.2.4  Milestones


	3  RESULTS
	3.1  Genetic and clinical presentation of related systems
	3.2  Neurodevelopmental assessment
	3.3  Milestones
	3.4  Support services

	4  DISCUSSION
	5  LIMITATIONS
	6  CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	PATIENT CONSENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


