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Abstract
Our institution developed and continuously improved a Neurodevelopmental Reflex (NDR) algorithm to help physicians with 
genetic test ordering for neurodevelopmental disorders (NDDs). To assess its performance, we performed a retrospective 
study of 511 patients tested through NDR from 2018 to 2019. SNP Microarray identified pathogenic/likely pathogenic copy 
number variations in 27/511 cases (5.28%). Among the 484 patients tested for Fragile X FMR1 CGG repeats, a diagnosis 
(0.20%) was established for one male mosaic for a full mutation, a premutation, and a one-CGG allele. Within the 101 
normocephalic female patients tested for MECP2, two patients were found to carry pathogenic variants (1.98%). This retro-
spective study suggested the NDR algorithm effectively established diagnoses for patients with NDDs with a yield of 5.87%.

Keywords Autism spectrum disorder (ASD) · Copy number variant (CNV) · Fragile X · MECP2 · Neurodevelopmental 
disorders

Neurodevelopmental disorders (NDDs) are a group of dis-
orders with impairments of the growth and development 
of the central nervous system, including autism spectrum 
disorders (ASD), intellectual disability (ID), developmen-
tal delay (DD), etc. NDDs can present as neuropsychiatric 
problems, impaired motor function, learning difficulties, lan-
guage delay or non-verbal communication and affect > 3% 
of children worldwide (Mithyantha et al., 2017; South et al., 
2013; Waggoner et al., 2018). Determining the genetic etiol-
ogy of a child’s NDD can ensure early interventions, access 
to appropriate services, prognostic information, and accu-
rate recurrent risk assessment. Genetic testing has been 
recommended by several professional societies, such as 

the American College of Medical Genetics and Genomics 
(ACMG), the American Academy of Neurology (AAN) and 
Child Neurology Society (CNS), and the American Acad-
emy of Pediatrics (AAP), for patients with NDDs (Filipek 
et al., 2000; Hyman et al., 2020; Manning et al., 2010; 
Michelson et al., 2011; Miller et al., 2010; Moeschler et al., 
2014; Schaefer et al., 2013; South et al., 2013). However, 
despite recommendations for genetic testing in children with 
ASD/ID/DD, a survey study of 3371 families with children 
suffering from ASD/ID/DD in the United States showed the 
majority (68%) of these children did not undergo recom-
mended genetic testing (Kiely et al., 2016).

Genetic testing for NDDs can be difficult for clinicians 
to navigate, especially for non-geneticists, and expensive 
for families and the health care system to afford. Chromo-
some microarray (CMA) for copy number changes has 
been recommended as the first-tier clinical diagnostic test 
for children with NDDs (Manning et al., 2010; Miller et al., 
2010; South et al., 2013; Waggoner et al., 2018). Fragile X 
syndrome is one of the most common causes of X-linked 
intellectual disability and is caused by an expansion of a 
trinucleotide repeat region in the promoter of the FMR1 gene 
(Mannermaa et al., 1996; Mila et al., 2018). Rett syndrome 
is caused by mutations in the MECP2 gene and is a known 
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genetic cause of X-linked autism and ID in normocephalic 
females (Vidal et al., 2019). Pathogenic variants in PTEN 
have been reported with a prevalence of 8.3% and 12.2% in 
the ASD-macrocephaly and DD/ID-macrocephaly popula-
tions (Varga et al., 2009).

Historically, most patients with NDDs at our institu-
tion had concurrent orders for Fragile X testing, chromo-
some analysis, and SNP microarray. MECP2 test was only 
ordered for female children with typical Rett syndrome 
cognitive and neurologic phenotypes. The patient with 
atypical Rett syndrome might not be diagnosed by molec-
ular technology (Schaefer et al., 2013). We noticed few 
orders for PTEN sequencing in patients with NDDs and 
macrocephaly, likely due to unawareness of the availability 
of PTEN testing and the complexities of ordering a send-
out test.

Therefore, to streamline test ordering and decrease the 
cost of genetic testing in patients with NDDs, we developed 
a more complete, user-friendly, and cost-efficient reflexive 
testing algorithm, named the Neurodevelopmental Reflex 
(NDR) genetic test. The original NDR algorithm was sep-
arated for patients with or without macrocephaly. Those 
without macrocephaly started with CMA, and proceeded 
to Fragile X analysis if CMA was not positive (normal, 
likely benign, or variant of unknown clinical significance). 
Those with macrocephaly, as stated by the ordering clini-
cian, started with PTEN sequencing. If PTEN sequencing 
was normal or found only a variant of unknown clinical 
significance, testing proceeded to Fragile X analysis. If 
Fragile X testing was negative for a full mutation (normal, 
grey zone, or premutation) then testing proceeded to CMA. 
After utilizing this algorithm for a year, we analyzed our 
outcomes and determined that PTEN sequencing was hav-
ing a far lower than expected positivity rate in this popula-
tion, and the algorithm was reformulated to improve its 
efficiency.

The improved NDR (Fig. 1), which we are evaluating in 
this study, puts CMA as the first line test for all, with Fragile 
X as the 2nd line for all (if CMA is not positive). If Fragile X 
analysis was negative for a full mutation (normal, grey zone 
or premutation repeats), patients noted to be macrocephalic 
would receive PTEN sequencing and normocephalic female 
patients would receive MECP2 sequencing.

In the current analysis, we hope to share our experience in 
the genetic diagnosis of patients with NDDs while we exam-
ine and summarize the clinical utility of this reflexive test-
ing algorithm, which aligns with testing recommended by 
the ACMG for the genetic diagnosis of patients with NDDs 
(Moeschler et al., 2014; Schaefer et al., 2013; South et al., 
2013). We hope to provide a model of how to streamline a 
genomic testing algorithm that meets ACMG recommen-
dations in which pediatricians can order a single test for 
children with NDDs.

Methods

Patient’s Enrollment

A retrospective study of 511 individuals who had a NDR 
reflex panel ordered through Cincinnati Children's Hospi-
tal Medical Center (CCHMC) from January 2018 to April 
2019 was conducted to evaluate the performance of the test 
and positivity rate. This study was approved by CCHMC 
Institutional Review Board. Subjects' data were obtained in 
a de-identified state. In this investigation, the patient’s ages 
ranged from 3 months to 35 years old and the sex ratio of 
male/female was 2.8:1. Testing was ordered by clinicians 
from a broad range of specialties and test indications were 
extracted from the patients’ medical record.

DNA Extraction and SNP Microarray Analysis

Genomic DNA was extracted either automatically using 
the Chemagic™ Magnetic Separation Module I instrument 
(PerkinElmer, Waltham, MA) or manually using Qiagen 
Puregene kits (Qiagen, Germany). Microarray analysis 
was performed using the Infinium Assay with the Illumina 
CytoSNP-850Kv1.2 BeadChip platform (Illumina, San 
Diego, CA).

Fragile X

Isolated genomic DNA was assayed for CGG-repeat expan-
sion of the FMR1 locus by analysis of DNA fragments 
generated by the AmplideX FMR1 polymerase chain reac-
tion (PCR) and separated by capillary electrophoresis ABI 
3500XL Genetic Analyzer (Applied Biosystems, Foster city, 

Fragile X analysis

SNP microarray analysis

PTEN sequencing MECP2 sequencingNo further tes�ng

Macrocephalic
Female + male

Normocephalic 
femaleNormocephalic 

male

Fig. 1  The algorithm of Neurodevelopmental Reflex (NDR) genetic 
testing. In this NDR algorithm, the SNP microarray analysis is the 
first-tier testing, followed by Fragile X analysis, and the PTEN or 
MECP2 gene sequencing. PTEN gene sequencing is applied to mac-
rocephalic patients (as reported by the ordering clinician) with both 
non-positive SNP microarray and Fragile X testing results. MECP2 
gene sequencing is applied only to normocephalic female patients 
with both non-positive SNP microarray and Fragile X testing results
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CA). Normal and mutation categories of FMR1 alleles were 
determined according to the ACMG guidelines with the nor-
mal repeat size as 5–44, gray zone as 45–54, premutation as 
55–200, and full mutation > 200. Full mutations were con-
firmed by Southern blot.

PTEN and MECP2 PCR and Sequencing

The entire coding region and exon/intron boundaries of 
genes were analyzed by PCR and bidirectional sequencing 
for PTEN (NM_000314.4) and MECP2 (NM_004992.2) 
according to manufactory instructions (Roche, Indianapo-
lis, IN).

Blood Chromosomes

Chromosomal analysis was performed according to standard 
procedures using GTG-banding.

Detailed methodologies are listed in the supplementary 
data and available on request.

Results

The NDR algorithm sets SNP Microarray as the first-tier 
test and reflexes to Fragile X testing if the result is not posi-
tive, then reflexes to MECP2 sequencing for normocephalic 
female patients and PTEN sequencing for patients with mac-
rocephaly (a head circumference > 98%ile) if the Fragile X 
result is not full mutation (Fig. 1). Common clinical indica-
tions for patients in our cohort included autism spectrum 
disorders, developmental delay, speech delay, intellectual 
disability, gross motor delay, mixed receptive-expressive 
language disorder, epilepsy, and/or dysmorphic features. 
We analyzed variants detected by this NDR algorithm on 
patients with neurodevelopmental disorders with samples 
received from January 2018 to April 2019 at CCHMC. A 
total of 511 patients (age 3 months – 35 years old, median 
3 years) were tested. 376 (73.6%) were male and 135 (26.4%) 
were female. More than 36% patients (188 out of 511) were 
in the age group of 2 to 3 years. 22.3% patients (114 out of 

511) were in the age group of 4 to 5 years. 15.8% patients 
(81 out of 511) were 6 to 10 years old. 14.8% patients (76 
out of 511) were below 2 years (Fig. 2).

2826 CNV variants were identified through SNP Micro-
array analysis in the 511 patients. 30 CNVs were patho-
genic/likely pathogenic and explained the patient’s clinical 
phenotype (1.06%). 4.5% were CNVs of uncertain clinical 
significance (127). SNP Microarray results provided a diag-
nosis with clinical significance or likely clinical significance 
in 27 out of 511 cases (5.28%), and uncertain clinical sig-
nificance in 53 out of 511 cases (10.37%). The majority of 
the 30 CNVs from 27 patients reported were chromosome 

Fig. 2  Description of the 511 
patient’s cohort from January 
2018 to April 2019. a A total 
of 511 patients tested at our 
institution from January 2018 to 
April 2019 included 376 males 
and 135 females. b Age ranged 
from a few months to 35 years 
old. The majority of the patients 
were under 5 years old
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Fig. 3  Clinically significant CNVs identified by SNP microarray 
analysis in 511 patients. a Classifications and frequency of 30 report-
able CNVs in 27 patients through SNP microarray analysis. The 
majority of CNVs are interstitial deletions (15/30), followed by ter-
minal deletions (5/30), interstitial duplications (4/30), entire chromo-
some gain and mosaic duplications (3/30). b Accumulated numbers 
of CNVs on different chromosomes. The most often affected chromo-
somes are X, 15 or 16



4831Journal of Autism and Developmental Disorders (2022) 52:4828–4842 

1 3

interstitial deletions (15/30), followed by terminal deletions 
(5/30), interstitial duplications (4/30), entire chromosome 
gain (2/30), and triplication (2/30) (Fig. 3a). The most fre-
quent CNVs identified in this study were from chromosome 
X, 15 or 16 (Fig. 3b). The most commonly seen syndrome 
diagnosed by CMA in this study is 15q13.3 microdele-
tion syndrome from four patients (Pts 283, 361, 506, 453, 
Table 1).

There are 30 pathogenic/likely pathogenic CNVs detected 
in 27 patients with a possible genetic diagnosis. Some 
patients carry more than one pathogenic/likely pathogenic 
CNVs. One patient (Pt 319, Table 1) with global develop-
mental delay, speech delay, dysmorphic craniofacial features 
was identified with a 1.7 Mb duplication of 5p15.33 and 
a 2.2 Mb deletion of 18p11.32, which corresponded to a 
derivative chromosome 18 due to an unbalanced translo-
cation between the short arms of chromosomes 5 and 18. 
Another patient was identified with two terminal deletions 
(1.3 Mb and 4.3 Mb) on both ends of chromosome 18. This 
patient presented with club foot, ptosis, speech disturbance, 
intermittent exotropia, balance problem, weakness, lack of 
coordination, mixed receptive-expressive language disor-
der, fine motor impairment, sensory processing difficulty 
and global developmental delay (Pt 510, Table 1; Fig. 4a). 
A ring 18 chromosome was suspected and was confirmed 
by the follow-up chromosome analysis on this patient with 
a karyotype of 46,XX,r(18)(p11.32q23) (Fig. 4b).

According to the NDR workflow, Fragile X tests were 
performed in 484 patients (94.72%). Eight patients showed 
abnormal FMR1 CGG expansion size with repeats num-
bers including gray zone (45–54) (6 patients), premutation 
(55–200) (1 patient), and full mutation (> 200) (1 patient). 
This full mutation male patient clinically presented with 
mixed receptive-expressive language disorder, fine motor 
development delay and tracheoesophageal fistula. He was 
identified to have mosaic FMR1 mutation alleles including 
a full mutation allele (> 200 CGG repeats), a premutation 
allele (160 repeats), and a third allele with a smaller than 
normal repeat size in the 5′ UTR of FMR1 (Fig. 5a). The 
full mutation allele identified in this individual exhibited 
an abnormal methylation pattern of the FMR1 gene and this 
was confirmed by Southern blot analysis (Fig. 5b). Sanger 
sequencing analysis of the third allele showed that there was 
a 83-bp deletion containing CGG repeats and an insertion 
of a single base “A” which resulted in only one CGG repeat 
in the 5′ UTR of the FMR1 gene (Fig. 5c). By report, his 
maternal second cousin had Fragile X syndrome. There was 
no report of tremor or ataxia in grandfather, and there was 
no report of primary ovarian insufficiency in other female 
family members.

The MECP2 test has been more utilized after we launched 
the NDR algorithm. In the past, when the MECP2 test was 
just a stand-alone sequencing test, it was ordered, on average, 

on about 22 patients per year. After the launch of NDR algo-
rithm, it has been ordered 3–4 times more than before as 
part of the NDR algorithm. A total of 101 patients (19.76%) 
were reflexed to MECP2 sequencing analysis in our cohort. 
Two patients had heterozygous pathogenic missense variants 
c.467A > G (p.Asp156Gly) and c.473C > T (p.Thr158Met), 
respectively, which leads to a diagnosis of Rett syndrome. 
Two other patients were found to have a heterozygous vari-
ant of uncertain significance, c.824 T > C (p.Val275Ala) and 
c.-187_-186del (Table 2). Another patient detected with an 
abnormal MECP2 result was a 12 year-old male patient with 
macrocephaly, epilepsy, and ASD. First-tier CMA analysis 
detected an 862 Kb duplication at Xq28, which included 
MECP2, and he was subsequently diagnosed with MECP2 
Duplication Syndrome (Pt 198, Table 1). For the 99 patients 
tested for PTEN sequencing analysis, all of them returned 
with negative results.

Through reviewing the results of our NDR reflective tests 
in the 511 patients with NDDs, we found that the diagnos-
tic yield of NDR was 5.87% in our patient cohort, and the 
most often causes of NDDs were 15q13.3 microdeletion 
syndrome, 22q11.2 deletion syndrome, 16p11.2 duplication 
syndrome, as well as pathogenic variants, including CNVs, 
in MECP2.

Discussion

Neurodevelopmental disorders are the most common 
medical conditions in pediatric population. Identifying the 
underlying etiology is important in the care of patients with 
NDDs including early intervention and clinical management, 
directing the patients and families to disease-specific sup-
ports and resources, informing prognosis, and recurrent risk 
assessment. Historically, the majority of NDD patients at 
our institution had concurrent orders placed for Fragile X 
testing, chromosome analysis, and SNP microarray analy-
sis. The MECP2 and PTEN sequencing tests were under-
utilized. This NDR algorithm allows clinicians to place a 
single order that includes all of the testing recommended by 
ACMG for patients with NDDs, including testing for copy 
number changes, Fragile X syndrome, Rett syndrome, and 
PTEN related macrocephaly/autism syndrome (Schaefer 
et al., 2013). This algorithm was particularly helpful for 
the most common ordering providers who are from the 
Department of Developmental and Behavioral Pediatrics at 
CCHMC, who are not geneticists. The NDR was designed 
as a reflexive algorithm with the test with the highest diag-
nostic yield done first, then reflexing to downstream tests if 
prior testing is negative/normal. Starting with the highest 
yield test, the automatic reflexive nature of this algorithm 
warrants a saving in health care, comparing to the cost when 
these tests were ordered concurrently. Ordering these tests 



4832 Journal of Autism and Developmental Disorders (2022) 52:4828–4842

1 3

Ta
bl

e 
1 

 S
um

m
ar

y 
of

 c
lin

ic
al

ly
 si

gn
ifi

ca
nt

 c
op

y 
nu

m
be

r v
ar

ia
nt

s (
C

N
V

s)
 id

en
tifi

ed
 in

 2
7 

ou
t o

f 5
11

 p
at

ie
nt

s w
ith

 N
D

D
s

Pa
tie

nt
 ID

C
lin

ic
al

 in
fo

rm
at

io
n

IS
C

N
 n

om
en

cl
at

ur
e

C
hr

om
os

om
e 

lo
ca

tio
ns

/
Si

ze
 o

f a
lte

ra
tio

ns
C

an
di

da
te

 g
en

es
G

en
et

ic
 d

ia
gn

os
is

St
ud

ie
s t

ha
t p

re
vi

ou
sly

 
re

po
rt 

C
N

V
s

89
2 

ye
ar

 o
ld

 m
al

e 
w

ith
 

gl
ob

al
 d

ev
el

op
m

en
ta

l 
de

la
y,

 h
yp

ot
on

ia

ar
r[

G
RC

h3
7]

  
2q

2.
3q

24
.1

(1
52

82
68

96
_1

57
18

04
7

6)
 ×

 1

2q
23

.3
–2

q2
4.

1:
4.

4 
M

b 
de

le
tio

n
CA

C
N

B4
, K

C
N

J3
, 

PR
PF

40
A,

 F
M

N
L2

2q
23

.3
–2

q2
4.

1 
de

le
tio

n
Th

is
 st

ud
y

31
9

4 
ye

ar
 o

ld
 m

al
e 

w
ith

 
gl

ob
al

 d
ev

el
op

m
en

ta
l 

de
la

y,
 sp

ee
ch

 d
el

ay
, 

dy
sm

or
ph

ic
 c

ra
ni

of
ac

ia
l 

fe
at

ur
es

ar
rh

[G
RC

h3
7]

 
5p

15
.3

3(
25

32
8_

17
21

52
7)

 ×
 3,

18
p1

1.
32

(1
30

34
_2

24
39

90
) ×

 1

5p
15

.3
3:

1.
7 

M
b 

du
pl

ic
at

io
n;

 
18

p1
1.

32
:

2.
2 

M
b 

de
le

tio
n

SL
C

6A
19

, T
ER

T
U

nb
al

an
ce

d 
tra

ns
lo

ca
-

tio
n 

de
r(

18
)t(

5;
18

)
(p

15
.3

3;
p1

1.
32

)

Th
is

 st
ud

y

26
7

10
 y

ea
r o

ld
 m

al
e 

w
ith

 
m

ild
 in

te
lle

ct
ua

l d
is

ab
il-

ity
, h

yp
ot

on
ia

, a
bn

or
m

al
 

M
R

I (
sm

al
l l

ef
t m

ed
ia

l 
ce

re
be

lla
r h

em
is

ph
er

e,
 

hy
po

pl
as

tic
 ri

gh
t o

lfa
c-

to
ry

 b
ul

b 
an

d 
in

co
m

-
pl

et
e 

m
ye

lin
at

io
n 

of
 

te
m

po
ra

l l
ob

es
), 

gr
os

s 
m

ot
or

 im
pa

irm
en

t, 
fin

e 
m

ot
or

 im
pa

irm
en

t

ar
r[

G
RC

h3
7]

 
 6

q.
1q

16
.3

(9
59

13
31

8_
10

49
80

47
8

) ×
 1

6q
16

.1
–6

q1
6.

3:
9.

1 
M

b 
de

le
tio

n
SI

M
1,

 G
RI

K
2,

 F
BX

L4
, 

N
D

U
FA

F4
6q

16
.1

–6
q1

6.
3 

de
le

tio
n

Th
is

 st
ud

y;
 C

N
V

s o
ve

rla
p-

pi
ng

 w
ith

 th
is

 d
el

et
io

n 
re

po
rte

d 
pr

ev
io

us
ly

 
(B

on
ag

lia
 e

t a
l.,

 2
00

8;
 

K
as

he
r e

t a
l.,

 2
01

6;
 

St
ru

nk
 e

t a
l.,

 2
01

6)

29
3 

ye
ar

 o
ld

 m
al

e 
w

ith
 

co
ng

en
ita

l a
tre

si
a 

of
 

es
op

ha
gu

s, 
tra

ch
eo

m
a-

la
ci

a,
 tr

ac
he

oe
so

ph
ag

ea
l 

fis
tu

la
, f

ee
di

ng
 p

ro
bl

em
, 

ga
str

oe
so

ph
ag

ea
l r

efl
ux

 
di

se
as

e,
 a

bn
or

m
al

 
po

stu
re

, o
ro

ph
ar

yn
ge

al
 

ph
as

e 
dy

sp
ha

gi
a,

 m
ix

ed
 

re
ce

pt
iv

e-
ex

pr
es

si
ve

 
la

ng
ua

ge
 d

is
or

de
r

ar
r[

G
RC

h3
7]

 
7q

11
.2

2(
69

56
45

01
_6

97
95

31
1)

 ×
 1

7q
11

.2
2:

23
0.

8 
K

b 
de

le
tio

n
AU

TS
2

A
U

TS
2 

sy
nd

ro
m

e
(A

m
ar

ill
o 

et
 a

l.,
 2

01
4;

 
B

eu
nd

er
s e

t a
l.,

 2
01

6;
 

B
eu

nd
er

s e
t a

l.,
 2

01
3;

 L
iu

 
et

 a
l.,

 2
01

5)

30
3

3 
ye

ar
 o

ld
 m

al
e 

w
ith

 
gl

ob
al

 d
ev

el
op

m
en

ta
l 

de
la

y,
 a

or
tic

 a
rc

h 
hy

po
-

pl
as

ia
, m

od
er

at
e 

rig
ht

, 
m

ild
 le

ft 
br

an
ch

 p
ul

m
o-

na
ry

 a
rte

ry
 st

en
os

is

ar
r[

G
RC

h3
7]

 
7q

11
.2

3(
72

72
29

81
_7

41
41

84
0)

 ×
 1

7q
11

.2
3:

1.
4 

M
b 

de
le

tio
n

EL
N

W
ill

ia
m

s-
B

eu
re

n 
sy

n-
dr

om
e

(P
ob

er
, 2

01
0;

 S
am

an
ta

, 
20

17
)



4833Journal of Autism and Developmental Disorders (2022) 52:4828–4842 

1 3

Ta
bl

e 
1 

 (c
on

tin
ue

d)

Pa
tie

nt
 ID

C
lin

ic
al

 in
fo

rm
at

io
n

IS
C

N
 n

om
en

cl
at

ur
e

C
hr

om
os

om
e 

lo
ca

tio
ns

/
Si

ze
 o

f a
lte

ra
tio

ns
C

an
di

da
te

 g
en

es
G

en
et

ic
 d

ia
gn

os
is

St
ud

ie
s t

ha
t p

re
vi

ou
sly

 
re

po
rt 

C
N

V
s

36
7

6 
ye

ar
 o

ld
 m

al
e 

w
ith

 
tra

ns
ie

nt
 n

eo
na

ta
l 

hy
po

gl
yc

em
ia

, m
us

cl
e 

w
ea

kn
es

s, 
or

al
 p

ha
se

 
dy

sp
ha

gi
a,

 sp
ee

ch
 

di
stu

rb
an

ce
, m

ot
or

 sk
ill

s 
de

ve
lo

pm
en

ta
l d

el
ay

, 
fe

ed
in

g 
di

ffi
cu

lti
es

, 
as

tig
m

at
is

m
, l

ac
k 

of
 

co
or

di
na

tio
n,

 h
yp

er
o-

pi
a,

 se
ns

or
y 

pr
oc

es
si

ng
 

di
ffi

cu
lty

ar
r[

G
RC

h3
7]

 
9p

24
.3

p2
3(

46
58

7_
13

42
23

37
) ×

 1
9p

24
.3

–9
p2

3:
13

.4
 M

b 
de

le
tio

n
M

an
y 

(g
en

es
)

9p
 d

el
et

io
n 

sy
nd

ro
m

e
(B

ay
at

 e
t a

l.,
 2

01
8;

 
Si

va
sa

nk
ar

an
 e

t a
l.,

 2
01

6;
 

Sp
az

za
pa

n 
et

 a
l.,

 2
01

6;
 

Ta
ss

an
o 

et
 a

l.,
 2

01
6)

27
0

18
 y

ea
r o

ld
 m

al
e 

w
ith

 
au

tis
m

ar
r[

G
RC

h3
7]

 
11

p1
1.

2(
44

22
24

62
_4

42
36

65
2)

 ×
 1

11
p1

1.
2:

14
 K

b 
de

le
tio

n
EX

T2
H

er
ed

ita
ry

 m
ul

tip
le

 
os

te
oc

ho
nd

ro
m

as
(D

’A
rie

nz
o 

et
 a

l.,
 2

01
9;

 
Je

nn
es

 e
t a

l.,
 2

00
8)

28
3

21
 m

on
th

 o
ld

 fe
m

al
e 

w
ith

 d
ev

el
op

m
en

ta
l 

de
la

y,
 d

ec
re

as
ed

 m
ot

or
 

ac
tiv

ity
, g

ro
ss

 m
ot

or
 

de
ve

lo
pm

en
t d

el
ay

ar
r[

G
RC

h3
7]

 1
5q

13
.2

q1
3.

3(
30

65
79

52
_3

28
33

65
9)

 ×
 1

15
q1

3.
2–

15
q1

3.
3:

2.
2 

M
b 

de
le

tio
n

C
H

RN
A7

15
q1

3.
3 

m
ic

ro
de

le
tio

n 
sy

nd
ro

m
e

(B
en

-S
ha

ch
ar

 e
t a

l.,
 2

00
9;

 
H

op
pm

an
-C

ha
ne

y 
et

 a
l.,

 
20

13
; L

ow
th

er
 e

t a
l.,

 
20

15
; Z

ia
ts

 e
t a

l.,
 2

01
6)

36
1

5 
ye

ar
 o

ld
 m

al
e 

w
ith

 
cl

os
ed

 fr
ac

tu
re

 o
f s

ha
ft 

of
 c

la
vi

cl
e,

 m
ix

ed
 re

ce
p-

tiv
e-

ex
pr

es
si

ve
 la

ng
ua

ge
 

di
so

rd
er

, s
pe

ec
h 

di
stu

r-
ba

nc
es

, a
ut

is
m

 sp
ec

tru
m

 
di

so
rd

er
, g

lo
ba

l d
ev

el
-

op
m

en
ta

l d
el

ay

ar
r[

G
RC

h3
7]

 1
5q

13
.2

q1
3.

3(
30

73
73

44
_3

25
14

34
1)

 ×
 1

15
q1

3.
2–

15
q1

3.
3:

1.
8 

M
b 

de
le

tio
n

C
H

RN
A7

15
q1

3.
3 

m
ic

ro
de

le
tio

n 
sy

nd
ro

m
e

50
6

4 
ye

ar
 o

ld
 m

al
e 

w
ith

 
gl

ob
al

 d
ev

el
op

m
en

ta
l 

de
la

y,
 fa

m
ily

 h
ist

or
y 

of
 

in
te

lle
ct

ua
l d

is
ab

ili
tie

s

ar
r[

G
RC

h3
7]

 1
5q

13
.2

q1
3.

3(
30

93
62

85
_3

25
14

34
1)

 ×
 1

15
q1

3.
2–

15
q1

3.
3:

1.
6 

M
b 

de
le

tio
n

C
H

RN
A7

15
q1

3.
3 

m
ic

ro
de

le
tio

n 
sy

nd
ro

m
e

45
3

6 
ye

ar
 o

ld
 m

al
e 

w
ith

 
gl

ob
al

 d
ev

el
op

m
en

ta
l 

de
la

y,
 h

yp
op

ig
m

en
ta

tio
n

ar
r[

G
RC

h3
7]

15
q1

1.
2(

22
75

03
05

_2
32

72
73

3)
 ×

 1,
 

15
q1

3.
3(

32
01

87
31

_3
25

14
34

1)
 ×

 1,
 

10
q2

6.
12

q2
6.

2(
12

28
79

86
9_

12
80

14
50

2)
 ×

 2 
hm

z

15
q1

1.
2:

52
2 

K
b 

de
le

tio
n;

 1
5q

13
.3

:
49

6 
K

b 
de

le
tio

n;
 

10
q2

6.
12

q2
6.

2:
5.

1 
M

b 
LO

H

C
H

RN
A7

15
q1

3.
3 

m
ic

ro
de

le
tio

n 
sy

nd
ro

m
e

31
3

8 
ye

ar
 o

ld
 fe

m
al

e 
w

ith
 

m
ix

ed
 re

ce
pt

iv
e-

ex
pr

es
-

si
ve

 la
ng

ua
ge

 d
is

or
de

r, 
ep

ile
ps

y,
 la

ng
ua

ge
 

re
gr

es
si

on

ar
r[

G
RC

h3
7]

 
16

p1
1.

2(
29

59
54

83
_3

01
98

15
1)

 ×
 3

16
p1

1.
2:

60
3 

K
b 

du
pl

ic
at

io
n

TB
X6

, K
IF

22
, P

RR
T2

16
p1

1.
2 

m
ic

ro
du

pl
ic

at
io

n
(D

’A
ng

el
o 

et
 a

l.,
 2

01
6;

 
K

um
ar

 e
t a

l.,
 2

00
9;

 S
hi

-
na

w
i e

t a
l.,

 2
01

0;
 W

ei
ss

 
et

 a
l.,

 2
00

8)



4834 Journal of Autism and Developmental Disorders (2022) 52:4828–4842

1 3

Ta
bl

e 
1 

 (c
on

tin
ue

d)

Pa
tie

nt
 ID

C
lin

ic
al

 in
fo

rm
at

io
n

IS
C

N
 n

om
en

cl
at

ur
e

C
hr

om
os

om
e 

lo
ca

tio
ns

/
Si

ze
 o

f a
lte

ra
tio

ns
C

an
di

da
te

 g
en

es
G

en
et

ic
 d

ia
gn

os
is

St
ud

ie
s t

ha
t p

re
vi

ou
sly

 
re

po
rt 

C
N

V
s

48
8

14
 y

ea
r o

ld
 m

al
e 

w
ith

 
co

ng
en

ita
l h

yp
og

on
ad

o-
tro

pi
c 

hy
po

go
na

di
sm

, 
m

ic
ro

pe
ni

s, 
au

tis
m

 
sp

ec
tru

m
 d

is
or

de
r

ar
r[

G
RC

h3
7]

 
16

p1
1.

2(
29

59
54

83
_2

97
33

44
2)

 ×
 4,

16
p1

1.
2(

29
76

30
89

_3
01

98
15

1)
 ×

 4

16
p1

1.
2:

13
8 

K
b 

tri
pl

ic
at

io
n

16
p1

1.
2:

43
5 

K
b 

tri
pl

ic
at

io
n

TB
X6

, K
IF

22
, P

RR
T2

16
p1

1.
2 

tri
pl

ic
at

io
n

Th
is

 st
ud

y

31
4 

ye
ar

 o
ld

 fe
m

al
e 

w
ith

 
sp

ee
ch

 d
el

ay
, l

ow
 c

ar
ni

-
tin

e,
 la

ng
ua

ge
 d

is
or

de
r

ar
r[

G
RC

h3
7]

 
16

p1
3.

11
(1

49
68

85
9_

16
29

19
83

) ×
 1

16
p1

3.
11

:
1.

3 
M

b 
de

le
tio

n
N

D
E1

, M
YH

11
, P

XE
, 

AB
C

C
6

16
p1

3.
1 

de
le

tio
n

Th
is

 st
ud

y;
 C

N
V

s o
ve

rla
p 

w
ith

 th
e 

1.
5 

M
b 

ne
ur

o-
co

gn
iti

ve
 su

sc
ep

tib
ili

ty
 

lo
cu

s o
n 

16
p1

3.
11

 (L
iu

 
et

 a
l.,

 2
01

2;
 T

an
 e

t a
l.,

 
20

17
)

12
9

12
 y

ea
r o

ld
 m

al
e 

w
ith

 
gl

ob
al

 d
ev

el
op

m
en

ta
l 

de
la

y,
 o

be
si

ty
 w

ith
 

se
rio

us
 c

om
or

bi
di

ty
 

an
d 

bo
dy

 m
as

s i
nd

ex
 

(B
M

I)
 g

re
at

er
 th

an
 

99
th

 p
er

ce
nt

ile
 fo

r a
ge

 
in

 p
ed

ia
tri

c 
pa

tie
nt

, 
C

ha
rc

ot
-M

ar
ie

-T
oo

th
 

di
se

as
e 

(C
M

T)
, o

ve
r-

gr
ow

th
 sy

nd
ro

m
e

ar
r[

G
RC

h3
7]

 
17

p1
2(

14
09

53
09

_1
54

71
17

9)
 ×

 3
17

p1
2:

1.
4 

M
b 

du
pl

ic
at

io
n

PM
P2

2
C

ha
rc

ot
-M

ar
ie

-T
oo

th
 d

is
-

ea
se

 ty
pe

 1
A

 (C
M

T1
A

)
(L

au
ra

 e
t a

l.,
 2

01
9;

 M
or

en
a 

et
 a

l.,
 2

01
9;

 P
ar

ey
so

n 
&

 
M

ar
ch

es
i, 

20
09

)

51
0

8 
ye

ar
 o

ld
 fe

m
al

e 
w

ith
 

cl
ub

 fo
ot

, p
to

si
s, 

sp
ee

ch
 

di
stu

rb
an

ce
, i

nt
er

m
it-

te
nt

 e
xo

tro
pi

a,
 b

al
an

ce
 

pr
ob

le
m

, w
ea

kn
es

s, 
la

ck
 

of
 c

oo
rd

in
at

io
n,

 m
ix

ed
 

re
ce

pt
iv

e-
ex

pr
es

si
ve

 
la

ng
ua

ge
 d

is
or

de
r, 

fin
e 

m
ot

or
 im

pa
irm

en
t, 

se
ns

or
y 

pr
oc

es
si

ng
 d

if-
fic

ul
ty

, g
lo

ba
l d

ev
el

op
-

m
en

ta
l d

el
ay

ar
r[

G
RC

h3
7]

 
18

p1
1.

32
(1

30
34

_1
32

42
88

) ×
 1,

18
q2

3(
73

69
01

11
_7

80
15

18
0)

 ×
 1

18
p1

1.
32

:
1.

3 
M

b 
de

le
tio

n;
 1

8q
23

:
4.

3 
M

b 
de

le
tio

n

C
TD

P1
, T

XN
L4

A,
 M

BP
R

in
g 

ch
ro

m
os

om
e 

18
Th

is
 st

ud
y;

 M
on

os
om

y 
of

 
ch

r 1
8 

an
d 

rin
g 

ch
r 1

8 
w

ith
 d

iff
er

en
t b

re
ak

po
in

ts
 

re
po

rte
d 

pr
ev

io
us

ly
 

(B
en

in
i e

t a
l.,

 2
01

2;
 

C
ar

te
r e

t a
l.,

 2
01

5)

41
1

4 
ye

ar
 o

ld
 m

al
e 

w
ith

 
au

tis
m

 sp
ec

tru
m

 d
is

-
or

de
r, 

gl
ob

al
 d

ev
el

op
-

m
en

ta
l d

el
ay

, m
ix

ed
 

re
ce

pt
iv

e-
ex

pr
es

si
ve

 
la

ng
ua

ge
 d

is
or

de
r

ar
r[

G
RC

h3
7]

  
21

p1
.2

q2
2.

3(
10

82
75

33
_4

81
00

15
5

) ×
 2–

3

21
p1

1.
2q

22
.3

W
ho

le
 c

hr
om

os
om

e 
m

os
ai

c 
du

pl
ic

at
io

n

W
ho

le
 c

hr
om

os
om

e 
w

ith
 

m
an

y 
ge

ne
s

M
os

ai
c 

tri
so

m
y 

21
(P

ap
av

as
si

lio
u 

et
 a

l.,
 2

01
5)



4835Journal of Autism and Developmental Disorders (2022) 52:4828–4842 

1 3

Ta
bl

e 
1 

 (c
on

tin
ue

d)

Pa
tie

nt
 ID

C
lin

ic
al

 in
fo

rm
at

io
n

IS
C

N
 n

om
en

cl
at

ur
e

C
hr

om
os

om
e 

lo
ca

tio
ns

/
Si

ze
 o

f a
lte

ra
tio

ns
C

an
di

da
te

 g
en

es
G

en
et

ic
 d

ia
gn

os
is

St
ud

ie
s t

ha
t p

re
vi

ou
sly

 
re

po
rt 

C
N

V
s

19
3

15
 y

ea
r o

ld
 fe

m
al

e 
w

ith
 

de
ve

lo
pm

en
ta

l d
el

ay
, 

m
od

er
at

e 
pe

rs
ist

en
t 

as
th

m
a,

 e
cz

em
a,

 a
lle

rg
ic

 
rh

in
iti

s, 
sp

el
ls

, s
pe

ll 
of

 
al

te
re

d 
co

ns
ci

ou
sn

es
s

ar
r[

G
RC

h3
7]

 
21

q2
2.

3(
44

21
07

86
_4

81
00

15
5)

 ×
 1

21
q2

2.
3:

3.
9 

M
b 

de
le

tio
n

C
ST

B
21

q2
2.

3 
de

le
tio

n
(A

ss
en

za
 e

t a
l.,

 2
01

7;
 

C
io

cc
a 

et
 a

l.,
 2

01
5;

 
Po

el
m

an
s e

t a
l.,

 2
00

9)

27
7

3 
ye

ar
 o

ld
 m

al
e 

w
ith

 
gl

ob
al

 d
ev

el
op

m
en

ta
l 

de
la

y,
 se

iz
ur

e,
 p

os
ta

xi
al

 
po

ly
da

ct
yl

y 
in

 b
ot

h 
ha

nd
s, 

se
lf-

in
ju

rio
us

 
be

ha
vi

or
, a

ut
is

m

ar
r[

G
RC

h3
7]

 
1p

31
.1

(7
19

87
49

6_
72

37
03

07
) ×

 1,
22

q1
1.

21
(1

88
44

63
2_

21
46

37
30

) ×
 1 

m
at

1p
31

.1
:

38
3 

K
b 

de
le

tio
n,

 2
2q

11
.2

:
2.

6 
M

b 
de

le
tio

n

TB
X1

, P
RO

D
H

, C
O

M
T,

 
SE

PT
5

22
q1

1.
2 

de
le

tio
n 

sy
n-

dr
om

e 
(L

C
R

22
A

-D
)

(M
cD

on
al

d-
M

cG
in

n 
et

 a
l.,

 
20

15
; Z

in
ks

to
k 

et
 a

l.,
 

20
19

)

38
2

6 
ye

ar
 o

ld
 m

al
e 

w
ith

 
de

ve
lo

pm
en

ta
l d

el
ay

, 
m

ix
ed

 re
ce

pt
iv

e-
ex

pr
es

-
si

ve
 la

ng
ua

ge
 d

is
or

de
r

ar
r[

G
RC

h3
7]

 
22

q1
1.

21
(1

88
89

49
0_

21
46

37
30

) ×
 1

22
q1

1.
21

:
2.

6 
M

b 
de

le
tio

n
TB

X1
, P

RO
D

H
, C

O
M

T,
 

SE
PT

5
22

q1
1.

2 
de

le
tio

n 
sy

n-
dr

om
e 

(L
C

R
22

A
-D

)

29
1

2 
ye

ar
 o

ld
 m

al
e 

w
ith

 
gl

ob
al

 d
ev

el
op

m
en

ta
l 

de
la

y

ar
r[

G
RC

h3
7]

 
22

q1
1.

21
(1

86
40

30
0_

21
46

23
53

) ×
 3

22
q1

1.
2:

2.
8 

M
b 

du
pl

ic
at

io
n

TB
X1

22
q1

1.
2 

du
pl

ic
at

io
n 

sy
nd

ro
m

e
(K

yl
at

, 2
01

8;
 P

or
tn

oi
, 

20
09

; V
ya

s e
t a

l.,
 2

01
9)

14
7

2 
ye

ar
 o

ld
 m

al
e 

w
ith

 
gl

ob
al

 d
ev

el
op

m
en

ta
l 

de
la

y,
 fa

ilu
re

 to
 th

riv
e,

 
hy

po
to

ni
a

ar
r[

G
RC

h3
7]

 
X

p2
1.

1(
31

73
71

46
_3

17
59

75
2)

 ×
 0

X
p2

1.
1:

23
 K

b 
de

le
tio

n
D

M
D

D
uc

he
nn

e 
m

us
cu

la
r 

dy
str

op
hy

(J
ua

n-
M

at
eu

 e
t a

l.,
 2

01
5;

 
M

un
to

ni
 e

t a
l.,

 2
00

3;
 

Ta
ke

sh
im

a 
et

 a
l.,

 2
01

0)

41
6

6 
ye

ar
 o

ld
 m

al
e 

w
ith

 
ac

co
m

m
od

at
iv

e 
es

o-
tro

pi
a,

 h
yp

er
m

et
ro

pi
a,

 
sp

ee
ch

 d
ist

ur
ba

nc
es

ar
r[

G
RC

h3
7]

 
X

p2
1.

1(
31

76
40

87
_3

18
64

63
4)

 ×
 0

X
p2

1.
1:

10
0.

5 
K

b 
de

le
tio

n
D

M
D

D
uc

he
nn

e/
B

ec
ke

r m
us

cu
-

la
r d

ys
tro

ph
y

19
8

12
 y

ea
r o

ld
 m

al
e 

w
ith

 
m

ac
ro

ce
ph

al
y,

 e
pi

le
ps

y,
 

au
tis

m

ar
r[

G
RC

h3
7]

 
X

q2
8(

15
26

62
22

2_
15

35
24

34
7)

 ×
 2

X
q2

8:
86

2 
K

b 
du

pl
ic

at
io

n
M

EC
P2

M
EC

P2
 d

up
lic

at
io

n 
sy

nd
ro

m
e

(L
im

 e
t a

l.,
 2

01
7;

 W
ar

d 
et

 a
l.,

 2
01

8)

21
1

4 
ye

ar
 o

ld
 m

al
e 

w
ith

 
au

tis
m

 sp
ec

tru
m

 d
is

or
-

de
r, 

m
ix

ed
 re

ce
pt

iv
e-

ex
pr

es
si

ve
 la

ng
ua

ge
 

di
so

rd
er

, g
lo

ba
l d

ev
el

-
op

m
en

ta
l d

el
ay

, s
en

so
ry

 
pr

oc
es

si
ng

 d
iffi

cu
lty

, 
di

stu
rb

an
ce

 in
 sl

ee
p 

be
ha

vi
or

, d
is

ru
pt

iv
e 

be
ha

vi
or

, i
ns

om
ni

a

ar
r[

G
RC

h3
7]

 
X

p2
2.

31
(6

45
69

40
_8

13
50

53
) ×

 0
X

p2
2.

31
:

1.
7 

M
b 

de
le

tio
n

ST
S,

 V
C

X3
A,

 X
LI

ST
S 

de
fic

ie
nc

y 
or

 
X

-li
nk

ed
 ic

ht
hy

os
is

 
(X

LI
)

(B
en

 K
he

lif
a 

et
 a

l.,
 2

01
3;

 
Fe

rn
an

de
s e

t a
l.,

 2
01

0;
 

H
an

d 
et

 a
l.,

 2
01

5)



4836 Journal of Autism and Developmental Disorders (2022) 52:4828–4842

1 3

in a sequential order manually will have the same cost of 
saving effect. However, this automatic reflexive algorithm 
will save time in the overall diagnostic odyssey and is more 
user-friendly when compared with the manual sequential 
order of these tests. The NDR algorithm also promoted a 
greater utilization of the MECP2 testing in NDD patients, 
especially for patients with atypical Rett syndrome, and fur-
ther identified the genetic etiology for two patients in our 
cohort. These patients might be undiagnosed if the histori-
cal routine tests were ordered. Although the PTEN analysis 
in our cohort did not identify any positive cases, a negative 
result reduces the likelihood of PTEN as the genetic etiol-
ogy for a patient with NDD, which is very meaningful for 
the patient care, since PTEN hamartoma tumor syndrome 
is associated with increased risk for certain cancers (breast, 
thyroid, renal cell, etc.).

One of the goals for this study was to review and evaluate 
the diagnostic yield of clinically ordered NDR tests. Our 
data show a 5.87% diagnostic yield, with the majority of 
positive cases (5.28%) diagnosed by CMA in the first-tier 
of testing. It has been reported that the diagnostic yield of 
CMA ranged from 4.5 to 28.0% in 19 studies of ID/DD and 
ranged from 1.5% to 20.5% in 11 studies with ASD (Savatt 
& Myers, 2021). Although our study did not separate ID/
DD from ASD, the diagnostic yield of CMA in our cohort 
fell right into the previously reported diagnostic yield range 
of both. The most often causes of NDDs in our cohort from 
the first-tier CMA analysis were 15q13.3 microdeletion 
syndrome, 22q11.2 deletion syndrome, and 16p11.2 dupli-
cation syndrome. These findings were consistent with the 
“hot spots” autism loci reported in the 2013 ACMG practice 
guideline (Schaefer et al., 2013).

An interesting finding in our cohort that we would like 
to discuss is the ring chromosome. We detected by CMA 
and confirmed by high resolution chromosomal analysis one 
patient carrying a ring chromosome 18 with a karyotype 
46,XX,r(18)(p11.32q23). Ring chromosome, which arises 
following breakage and rejoining in both chromosome arms, 
has been reported for all human chromosomes with an esti-
mated frequency between 1/30,000 and 1/60,000 (Heydari 
et al., 2014). Carriers of ring chromosomes may have vari-
able degrees of symptoms, from asymptomatic to serious 
defects in physical and intellectual development. Com-
mon features of patients with ring chromosome syndrome 
include short stature and developmental delay (Guilherme 
et al., 2013; Pristyazhnyuk & Menzorov, 2018). Although 
ring 18 chromosome with the exact breakpoints has not been 
reported so far, patients with partial monosomy 18p or ring 
18 with different breakpoints have been reported with clini-
cal features including difficulties in resisting infections, hol-
oprosencephaly, micrognathia, tooth decay, ptosis, delayed 
development, intellectual disability, hypotonia, failure to 
thrive, short stature with growth hormone deficiencies, Ta
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e 
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Fig. 4  SNP microarray and karyotype analyses identified a ring chro-
mosome 18 in a patient with club foot, ptosis, speech disturbance and 
global developmental delay. a Results from GenomeStudio shows two 
terminal deletions for chromosome 18, which suggested a ring chromo-

some 18. Region 1 corresponds to 18p11.32(13034_1324288) × 1 and 
region 2 corresponds to 18q23(73690111_78015180) × 1. b High reso-
lution blood chromosome confirmed the ring chromosome 18 with a 
karyotype of 46,XX,r(18)(p11.32q23), which is indicated by the arrow

Fig. 5  Mosaicism for a full mutation, premutation, and deletion of the 
CGG repeats in a male patient diagnosed with Fragile X syndrome. 
a Results of AmplideX FMR1 PCR showed mosaic CGG amplifica-
tion with 160 and > 200 repeats. In addition, there is a peak suggest-
ing a deletion of CGG repeat (↑) in comparison of the normal female 
(NF) control. b Southern blot analysis detected differences in FMR1 

percent of methylation when comparing peripheral blood with control 
individuals (normal male and normal female). Full = full mutation, 
Pre = premutation. c Sanger sequencing results showed a 83 bp dele-
tion and 1 bp insertion of A starting from the upstream of 5’ end of 
CGG repeat and resulting in only one CGG. The A of the start codon 
“ATG” has been designated as c.1
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microcephaly, speech problems, hypertelorism, low-set ears, 
epicanthal folds, and cleft palate (Carter et al., 2015; Chen 
et al., 2010; Heydari et al., 2014; Stankiewicz et al., 2001; 
Timur et al., 2004). The signs and symptoms associated with 
a ring chromosome 18 depend on how much genetic mate-
rial is lost from each arm of the chromosome. A critical 
gene is myelin basic protein (MBP; OMIM: 159430), which 
is located at the deleted region of 18q23 (Harauz et al., 
2009). MBP gene encodes a protein which is incorporated 
in oligodendrocytes and Schwann cells myelin sheets. It has 
been reported as a candidate gene in a 2.5 year-old male, 
with an abnormal chromosome karyotype of 46,XY,r(18)
(p11.32q21.32), who had overlapping features with our 
patient, including cleft lip, club foot and mild developmental 
delay (Heydari et al., 2014).

It was suggested that molecular single gene testing for 
Fragile X, Rett Syndrome, and PTEN will complement CMA 
and/or traditional cytogenetics in a clinical setting for neu-
rodevelopmental/ASD disorder diagnosis (Schaefer et al., 
2013). In this study, fragile X syndrome (FXS) testing iden-
tified mosaic FMR1 full mutation alleles in a male patient. 
This patient carried a full mutation allele, a premutation 
allele, and an allele with one CGG repeat that resulted from 
an indel in the 5′ UTR region of the FMR gene. Deletions 
found in the mosaic state in full mutation males have been 
reported but are very rare and are typically larger than the 
deletion identified in this patient (Coffee et al., 2008; de 
Graaff et al., 1995; de Vries et al., 1993; Goncalves et al., 
2016; Mannermaa et al., 1996). The phenotypic consequence 
of this indel in the mosaic state is currently unknown. 
Although we only found one patient with FXS, since ASD 
is present in 50–70% of individuals with FXS, a negative 
test result can exclude the diagnosis of FXS and allow sub-
sequent reflex tests or other genetic tests to be performed.

PTEN is a well-known gene associated with ASD and 
macrocephaly (Butler et  al., 2005; Varga et  al., 2009; 
Zhou & Parada, 2012) and has been recommended by the 
ACMG practice guideline in identification of the etiology 
of ASD (Schaefer et al., 2013). Based on the ACMG prac-
tice guideline, we included PTEN sequencing in our NDR 
algorithm. When we initially established the NDR reflexing 
algorithm, PTEN analysis was set as the first-tier testing 
for patients who presented with macrocephaly, followed 
by Fragile X testing, and finally SNP microarray analy-
sis. However, all the 40 patients with macrocephaly who 
received PTEN testing returned with negative results (data 
not shown). Therefore, we adjusted the algorithm as indi-
cated in Fig. 1 to move PTEN sequencing to the third tier. 
Interestingly, in the current study, none of the 99 patients 
with macrocephaly were positive for pathogenic variants by 
PTEN sequence analysis. This “lower than expected” yield 
from PTEN sequencing may be due to the bias in defining 
macrocephaly or the fact that many macrocephalic patients Ta
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e 

2 
 (c

on
tin

ue
d)

Pa
tie

nt
 ID

C
lin

ic
al

 p
re

se
nt

a-
tio

n
A

ge
 o

f t
es

tin
g

Se
x

Va
ria

nt
/Z

yg
os

ity
Va

ria
nt

 
cl

as
si

fic
a-

tio
n

gn
om

A
D

C
lin

Va
r (

C
la

s-
si

fic
at

io
n)

Pu
bl

ic
at

io
ns

/
H

G
M

D
A

A
/n

t C
on

se
r-

va
tio

n
SI

FT
/M

ut
at

io
n-

Ta
ste

r/P
ol

yp
he

n-
2

21
5

A
ut

is
m

 sp
ec

tru
m

 
di

so
rd

er
, m

ix
ed

 
re

ce
pt

iv
e-

ex
pr

es
si

ve
 

la
ng

ua
ge

 
di

so
rd

er
, g

lo
ba

l 
de

ve
lo

pm
en

ta
l 

de
la

y

5 
ye

ar
s o

ld
Fe

m
al

e
N

M
_0

04
99

2.
3:

c.
-1

87
_-

18
6d

el
/H

et
Sa

m
e 

w
ith

 
N

M
_0

01
11

07
92

.1
:

c.
-2

7_
-2

6d
el

/H
et

V
U

S
0.

05
79

%
 in

 
Eu

ro
pe

an
 

(n
on

-F
in

ni
sh

), 
3 

H
em

i; 
0.

03
56

%
 

in
 g

lo
ba

l

N
ot

 re
po

rte
d

Re
po

rte
d 

in
 a

 
fe

m
al

e 
pa

tie
nt

 
w

ith
 m

en
ta

l 
re

ta
rd

at
io

n,
 

no
t o

bs
er

ve
d 

in
 c

on
tro

ls
 

(H
ar

ve
y 

et
 a

l.,
 

20
07

)
H

G
M

D
: 

C
D

07
54

60
 

(D
M

?,
 M

en
ta

l 
re

ta
rd

at
io

n)

N
uc

le
ot

id
es

 
co

ns
er

ve
d

N
/A

M
ut

at
io

n 
no

m
en

cl
at

ur
e 

is
 b

as
ed

 o
n 

th
e 

re
co

m
m

en
da

tio
n 

by
 H

um
an

 G
en

om
e 

Va
ria

tio
n 

So
ci

et
y 

(H
G

V
S)

 th
at

 n
uc

le
ot

id
e +

 1
 is

 d
es

ig
na

te
d 

th
e 

A
 o

f t
he

 A
TG

-tr
an

sl
at

io
n 

in
iti

at
io

n 
co

do
n.

 A
A 

am
in

o 
ac

id
; n

t n
uc

le
ot

id
e;

 g
no

m
AD

 g
en

om
e 

ag
gr

eg
at

io
n 

da
ta

ba
se

; H
G

M
D

 h
um

an
 g

en
e 

m
ut

at
io

n 
da

ta
ba

se
, P

AT
H

 p
at

ho
ge

ni
c;

 V
U

S 
va

ria
nt

 o
f u

nk
no

w
n 

si
gn

ifi
ca

nc
e.

 S
ee

 re
fe

re
nc

es
 in

 s
up

pl
em

en
ta

ry
 

da
ta



4841Journal of Autism and Developmental Disorders (2022) 52:4828–4842 

1 3

in our cohort may have NDD other than ASD, which is the 
main symptom associated with PTEN. While this supports 
the decision to move PTEN to the end of the algorithm, 
given the extremely low yield of PTEN testing, we are 
considering replacing it with a more comprehensive next 
generation sequencing test which covers more genes and 
has a higher yield in NDDs. Single gene PTEN sequenc-
ing will still be available for clinicians to order if there is 
a strong clinical indication for a disorder associated with 
variants in this gene.

In summary, we show here that the NDR algorithm can 
effectively establish the genetic diagnosis for patients with 
NDDs, especially using CMA as a first-tier test follow-
ing the ACMG guideline published in 2010 (Miller et al., 
2010). With the advance of next-generation sequenc-
ing (NGS) technology and its implementation in clini-
cal genetic laboratories, tests utilizing a combination of 
NGS and microarray have shown higher diagnostic yield 
in NDDs. In a recent study, a cohort of 8565 patients with 
epilepsy and NDDs tested by NGS and aCGH identified a 
genetic etiology in 15.4% of patients (Lindy et al., 2018). 
A meta-analysis comparing the yield of exome sequenc-
ing (ES) in NDDs with that of CMA showed that ES’s 
yield was markedly greater than CMA and a consensus was 
proposed to place ES as the first-tier clinical test in a diag-
nostic algorithm for unexplained NDDs (Srivastava et al., 
2019). Recently, a new ACMG guideline was published 
recommending that exome and genome sequencing should 
be considered as a first- or second-tier test for patients with 
one or more congenital anomalies (CA)/DD/ID (Manickam 
et al., 2021).

Our laboratory recently launched an ASD/ID/DD exome 
slice panel with the option to reflex to WES, including trio 
analysis (proband and parents). We will monitor the perfor-
mance of this exome slice panel with option reflex to WES 
test and plan to incorporate it into our NDR algorithm to 
continuously improve the diagnosis of NDDs. The field of 
clinical genetic testing is rapidly changing with advances 
in technology, such as genome sequencing, transcriptome 
sequencing, genome-wide methylation analysis, etc., which 
makes additional genetic tests available and affordable and 
more genes discovered in association with ASD/ID/DD. It 
is necessary for clinical genetic laboratories to continue to 
update genetic testing algorithms to increase the diagnosis 
of NDDs accordingly when new technologies become clini-
cally available.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10803- 021- 05337-6.
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