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Purpose: Krabbe disease (KD) results from galactocerebrosidase
(GALC) deficiency. Infantile KD symptoms include irritability, pro-
gressive stiffness, developmental delay, and death. The only potential
treatment is hematopoietic stem cell transplantation. New York State
(NYS) implemented newborn screening for KD in 2006.

Methods: Dried blood spots from newborns were assayed for GALC
enzyme activity using mass spectrometry, followed by molecular
analysis for those with low activity (<12% of the daily mean). Infants
with low enzyme activity and one or more mutations were referred
for follow-up diagnostic testing and neurological examination.

Results: Of >1.9 million screened, 620 infants were subjected to
molecular analysis and 348 were referred for diagnostic testing. Five
had enzyme activities and mutations consistent with infantile KD and
manifested clinical/neurodiagnostic abnormalities. Four underwent

INTRODUCTION
Krabbe disease (KD; globoid cell leukodystrophy; OMIM
245200) is a rare, inherited lysosomal storage disorder (LSD)
caused by deficiency of galactocerebrosidase (GALC), an
enzyme essential for myelin turnover. Infantile KD comprises
early infantile KD (EIKD; symptoms within 6 months of age)
and late infantile KD (LIKD; symptom onset between 6 and 12
months) forms that reportedly account for 90% of patients.'
Early symptoms include irritability, unexplained fever, limb
stiffness, seizures, feeding difficulties, reflux, and slowing of
mental and motor development. Later symptoms include

transplantation, two are surviving with moderate to severe handi-
caps, and two died from transplant-related complications. The sig-
nificance of many sequence variants identified is unknown. Forty-six
asymptomatic infants were found to be at moderate to high risk for
disease.

Conclusions: The positive predictive value of KD screening in NYS
is 1.4% (5/346) considering confirmed infantile cases. The incidence
of infantile KD in NYS is approximately 1 in 394,000, but it may be
higher for later-onset forms.
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muscle weakness, spasticity, deafness, and blindness.*** Infants
deteriorate and are typically severely compromised before age
2 years, requiring artificial feeding and constant care, with
death during childhood. Individuals with later-onset forms of
KD (symptoms after 1 year of age) and a more heterogeneous
clinical phenotype have been described,®* and some exhibit a
rapidly declining course.>’

More than 140 disease-causing mutations and polymor-
phisms in the GALC gene have been reported,” but most are
rare. A 30-kb deletion (also called 502T/del) is the most
common in populations of European ancestry, occurring in
~40% of infantile-onset KD alleles.> Two point mutations
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(p.T513M and p.Y551S) are reported to be responsible for
~10-15% of the remaining infantile KD alleles in Europeans.>'!
Another, p.G270D, comprises a large proportion of alleles in
patients with later-onset KD.? Three common polymorphisms
(p-R168C, p.D232N, p.I546T) attenuate GALC activity, compli-
cating clinical interpretation of low enzyme activity, but do not
cause disease (pseudodeficiency).?

There is growing interest in newborn screening (NBS) for
LSDs,'*"” primarily because treatment is thought to be most
effective when initiated before symptom onset. A multiplex
tandem mass spectrometry (MS/MS) assay for five LSDs (KD,
Gaucher, Pompe, Niemann-Pick, and Fabry diseases) was
developed® and optimized for use on dried blood spots.'>'5!
There are challenges to adding LSDs to NBS panels, including
the need for expensive instrumentation and adequate quality
control materials (especially dried blood spots from infants
with KD),"*% diagnostic laboratories for confirmatory testing
with short turnaround times, infrastructure for rapid referral
and urgent transplantation in newborns with EIKD, protocols
for follow-up, and clinicians experienced in interpreting and
relaying the full spectrum of NBS results, including variabil-
ity in enzyme activity and identification of sequence variants
of unknown significance or variable expressivity.! Early stud-
ies showed that a small cohort of infantile KD patients who
received umbilical cord blood transplantation from unrelated

Table 1 Overall summary of GALC enzyme activity as
evaluated by the screening and diagnostic algorithms

N Specimens, %
Newborn screening algorithm
Specimens evaluated?® 2,090,910
Low-activity specimens retested (20% 10,199 0.49%
DMA)?
Infants with low-activity specimens 620 0.03%

reflexed for molecular analysis (average
activity <12% DMA)

Infants carrying GALC polymorphisms only 272 0.013%

Infants referred for follow-up® 348 0.017%

Diagnostic testing®
Lost to follow-up 2 <0.001%
No risk 203 0.01%
Low risk 92 0.004%
Moderate risk 37 0.002%
High risk 9 <0.001%
High risk: confirmed infantile KD <0.001%

DMA, daily mean activity; GALC, galactocerebrosidase; KD, Krabbe disease.

aIncludes initial and repeat specimens suitable for testing. 2 1-day of birth (DOB)
specimens with low activity (20% DMA) were retested and are included;

none made the cutoff for molecular analysis (<12% DMA). ®Includes infants

with specimens with <8% DMA or <12% DMA and at least one GALC variant.
As of January 2010, only infants with activity <12% DMA and at least one

GALC variant were referred; those with <8% and no variants detected or <8%
and polymorphisms only are considered screen-negative. “Risk categorized

based on diagnostic GALC activity analysis during 2006-2011: high <0.15,
moderate = 0.16-0.29, low = 0.3-0.5, no risk > 0.5. In 2012, the low-risk
category was eliminated, and infants with GALC 0.3-0.5 are now classified as no
risk, unless they have two potentially disease-associated mutations, in which case
they are classified as moderate risk.
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donors prior to symptom onset had preserved neurologi-
cal function.”** However, even when transplantation is per-
formed early, delays in development of gross motor skills have
developed in most patients.”? It is critical that families be fully
educated about benefits, risks, and limitations of treatment fol-
lowing a positive screen.

New York State (NYS) was mandated to implement NBS for
KD in August 2006.* Missouri has recently begun screening,?
and several other states have pending mandates to screen KD
and/or other LSDs.'® Here, we describe our two-tiered enzyme
and molecular screening assay and provide results from the first
1.9 million infants screened over the course of 8 years.

MATERIALS AND METHODS

GALC activity is quantified from dried blood spots using syn-
thetic substrate and analyzed by MS/MS.* Activity (umol/
hour/l) is converted to percent activity based on the daily mean
activity (DMA). Specimens with <20% DMA are retested in
duplicate using new punches from the original dried blood
spots, and specimens with mean GALC <12% DMA (initial
plus two repeat punches) are subjected to molecular GALC
analysis. Infants with at least one potentially clinically relevant
variant/mutation are considered screen-positive and referred
to a NYS-accredited inherited metabolic disease Specialty Care
Center for diagnostic testing, genetic counseling, and clinical/
neurological examination.?! Details regarding GALC enzyme
and molecular assays, the diagnostic assay, and follow-up
procedures have been published*** or are included in
Supplementary Methods and Supplementary Tables S1 and
$2 online. Specimens collected from infants born during the
first 8 years of screening are included in this study (through 7
August 2014). Infants who were born earlier but had a repeat
specimen collected during this period are also included.

RESULTS

Screening algorithm tier 1: GALC activity
As of 7 August 2014, 2,090,910 specimens from 1,968,568
infants had been screened using the two-tiered NYS KD algo-
rithm. More than 99.9% of all specimens tested were screen-
negative (Table 1). Overall, 10,199 specimens (4.9 per 1,000)
with <20% GALC activity were retested in duplicate, and 620
(0.3 per 1,000) were confirmed to have average activity of
<12% and were reflexed to molecular analysis. Screen-positive
results were obtained for 348 (0.17 per 1,000) infants who were
referred to a Specialty Care Center for diagnostic workup.

Table 2 shows GALC activity overall and stratified by screen-
ing results, specimen type, and demographic data collected
over a representative sample (first 5 years of NBS). There were
differences in enzyme activity by age at specimen collection,
gender, and race/ethnic group. Activity was markedly higher
(11.54+9.88) in specimens taken within the first 24 hours of
life (“day of birth (DOB) specimens”; primarily collected from
premature or sick infants) compared with those collected from
infants at least 24 hours of age (4.01 £2.78). Per standard prac-
tice, repeat specimens are requested for all DOB specimens;
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however, if GALC activity in a DOB specimen was <12% and
at least one mutation was detected, then the infant would be
referred. To date, no DOB specimens have had GALC activity
<12%.

Screening algorithm tier 2: molecular GALC analysis

Infants with low GALC activity (<12%) were screened for
GALC variants by complete sequencing and deletion analysis
(30- and 7-kb).

Infants with polymorphisms only

Overall, 272 of 620 infants with low enzyme activity (43.9%)
carried polymorphisms only, indicating that molecular analy-
sis substantially reduces the number of referrals. Variants
considered to be non-disease-causing include -511C>T and
-457T>A, just upstream of GALC; c.-345G>A, -335G>A, c.-
238G>A, ¢.-85C>T, ¢.-59T>A, and ¢.-59T>G in the promoter
region; synonymous polymorphisms p.G9=, p.D94=, p.L117=,
p-S434=, p.Q312=, p.T524=, and p.V550=; known activity-
attenuating polymorphisms p.R168C, p.D232N, and p.I546T;
p-V320M; a haplotype always found with p.D232N that
includes ¢.-196T>C, c.-7G>C, and p.A5P; and ¢.1786+5C>G
and p.A625T. In the absence of other potentially disease-caus-
ing variants, infants found to carry only variants listed above
are considered screen-negative. Six infants who carried either
p-D94= (three infants) or p.V320M (three infants) and no other
mutations were referred before these variants were considered
polymorphisms, and all were found to be not at risk. In this
report, p.D94= and p.V320M are classified as polymorphisms.

Screen-positive referral population

Three-hundred forty-eight newborns screened positive for
KD and were referred for confirmatory diagnostic testing.
Supplementary Table S5 online shows GALC variants and
associated frequencies among the referred infants. Common
variants detected included the 30-kb deletion (48 infants),
p-T96A (96 infants), and p.Y303C (39 infants). We also detected
mutations previously reported in infantile-onset KD patients,
such as p.T513M, p.Y551S, p.R380W, and p.G537R,*** and in
later-onset KD patients, including p.G49=, p.G95S, p.D171V,
p-G270D, p.Y303C, and p.L618S.>¢*** However, many of the
sequence variants detected in the referral population were novel
variants of unknown significance. Several of the novel variants
of unknown significance were found in more than one indi-
vidual, but most were seen only once. Supplementary Table S3
online lists haplotype backgrounds for variants detected among
referred infants.

As part of the diagnostic workup, blood from the 348 referred
infants was sent to the Lysosomal Diseases Testing Laboratory at
Sidney Kimmel Medical College at Thomas Jefferson University
for confirmatory diagnostic GALC enzyme activity testing.”'
From 2006 to 2011, risk was categorized based on diagnos-
tic GALC activity analysis (high <0.15, moderate = 0.16-0.29,
low = 0.3-0.5, no risk >0.5). The definition of risk categories
was determined from results of >40 years of diagnostic Krabbe
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disease testing by the Lysosomal Diseases Testing Laboratory and
was implemented by consensus of the Krabbe Consortium (see
Supplemental Text Box S1 online).?! In 2012, the low-risk cate-
gory was eliminated and infants with activity between 0.3 and 0.5
are now classified as not at risk, unless they have two potentially
disease-associated mutations, in which case they are classified as
being at moderate risk. From 2006 to 2011, 16 infants had activity
from 0.3 to 0.5 and two potentially disease-associated mutations;
since 2012, there have been five such infants (Supplementary
Table $4 online). Infants at high, moderate, and low (prior to
2012) risk are reported/classified as abnormal and infants at
moderate to high risk are monitored using the reported KD
follow-up algorithm and schedule.** Fourteen referred infants
were classified as being at high risk for KD and 37 were classi-
fied as being at moderate risk. There were 92 infants at low risk,
and the remaining 203 infants referred were categorized as not
at risk/no risk. These 295 infants are no longer followed in the
clinic. Two infants (<1%) were not tested because they were lost
to follow-up, consistent with referrals lost to follow-up for other
disorders in NYS. In the absence of diagnostic testing results, we
could not categorize these infants based on risk; however, neither
carried two disease-associated mutations.

Infants at high risk for KD

Following confirmatory testing, 14 infants with the lowest activ-
ity were categorized as being at high risk for KD (Table 3; five
confirmed EIKD and nine asymptomatic infants). Symptoms
and clinical findings consistent with EIKD in five infants led
to recommendation for hematopoietic stem cell transplantation
based on previously described criteria.?* All five had at least one
copy of the 30-kb deletion. Among the five, one underwent
transplantation at 1 month of age and is doing well, although
gross motor delays are apparent; another had delays getting
to the transplant procedure due to extenuating social circum-
stances and underwent transplantation at 2 months of age and
has severe developmental and motor delays and ongoing issues
with spasticity; two died as a result of transplant-related com-
plications; and the family of the fifth infant decided against
transplantation. At several months of age, KD was clinically
evident; this child has died. Detailed clinical characteristics and
outcomes for these infants will be described elsewhere (unpub-
lished data).

The remaining nine infants at high risk did not satisfy the
criteria for recommending transplantation (Table 3).2' All
nine carried two variants/mutations. None carried two muta-
tions unequivocally linked to infantile-onset KD and, with the
exception of case 9, the genotypes detected in these asymptom-
atic cases have not been reported in symptomatic individuals.
Follow-up of these infants continues, and none has exhibited
KD symptoms, although additional neurodiagnostic studies
have not been performed for most.

Genotypes and phenotypes

Many of the variants/mutations detected in our referral pop-
ulation were novel and individually rare and are classified as
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Table 3 Newborn screening, molecular analysis, and diagnostic testing results for 14 infants classified as being at high risk

for KD?
Average newborn  Diagnostic
Age screening GALC  testing GALC

Risk at last activity pmol/hour/Il activity nmol/
category® Case # Gender contact Allele 1<d¢ Allele 2¢de (% DMA) hour/mg¢
High risk, 1 M 8y  30-kbdel+p.R168C €.-335G>A+p.D94=+p. 0.41(9.9%) 0.01
infantile KD 1546T+p.*670Qext42
(N=5)

2 M 3m(d) 30-kb del+p.R168C 30-kb del+p.R168C 0.43(10.9%) 0.05

3f M 18 m(d) 30-kb del+p.R168C 30-kb del+p.R168C 0.34 (7.6%) 0.02

4 F S5y 30-kb del+p.R168C9 €.-335G>A+p.G360Dfs*24#9 0.22"(5.6%) 0.12

5 F 2.5m (d) 30-kb del+p.R168C 30-kb del+p.R168C 0.20" (4.3%) 0.05
High risk 6 M 8y  p.A5P+p.D232N+p.Y303C p.A5P+p.D232N+p.Y303C 0.26 (6.1%) 0.06
(N=9)

7 M 7y p.A5P+p.D232N+p.Y303C p.I546T+p.D556fs* 1# 0.31(8.3%) 0.12

8 F 4y p.H375Qfs*3+p.I546T €.-348C>T#+p.A5P+p.D232N+ 0.36(9.6%) 0.07

p.Y303C
M 6m  c.-128_-123delATCAGC+p.L618S p.L618S 0.37(9.1%) 0.12
10 M 5y  p.M101V4c.1786+5C>G+p. p.M309V+p.1546T 0.20" (4.7%) 0.03
AB25T

11 M 4y C.147G>C/p.G49=+p.I546T p.K83E#+p.I546T 0.25(6.2%) 0.05

12 M 6m  p.T452l p.A5P+p.D232N+p.Y303C 0.21"(4.9%) 0.05

13 F 2y p.R63C+p.I1546T p.R111* 0.45(10.8%) 0.09

14 F 13m  c.-335G>A+p.I546T+p.R380W  .-128_-123delATCAGC+p.L618S 0.48 (8.0%) 0.07

(d), age at death; GALC, galactocerebrosidase; m, months; NCBI, National Center for Biotechnology Information; y, years.

2One infant who was initially classified as being at high risk (GALC = 0.09) was reclassified to the moderate risk group after repeat testing at age 4 years old revealed GALC
activity of 0.21 is not included in this table. Details for this infant can be found in Supplementary Table S4 online. "Risk category determined from diagnostic testing,

as described in Materials and Methods (high risk GALC <0.15). “Genotype phase estimated from parental data, where available. “Synonymous variants including p.G9=,
p.L117=, p.S434=, p.Q312=, p.T524=, and p.V550= and noncoding variants including c.-196T>C and c.-7G>C that are not predicted to affect protein function are not
included in table. All alleles with p.A5P also carried c.-196T>C and ¢.-7G>C. ¢Variants are numbered using traditional nomenclature (downstream initiator as codon 1).
Variants not previously reported and not catalogued in dbSNP (NCBI), ClinVar (NCBI), EmVClass (Emory Genetics Laboratory), or the EXAC database (Exome Aggregation
Consortium) are indicated by # and shown in bold. fCases 3 and 5 are siblings. 90nly one parent available for testing. "Values are estimates and are below the LOD of 0.24

umol/hour/I.

variants of unknown significance. Therefore, it is difficult to
draw conclusions linking genotypes and phenotypes, even
after 8 years of KD NBS. Classification of pathogenic versus
nonpathogenic variants will take years of follow-up and can-
not be accurately distinguished at this time. Among vari-
ants with potential clinical significance, the 30-kb deletion,
p-T96A, and p.Y303C were recurrent at appreciable frequencies
(Supplementary Table S5 online). Overall, 13.8% of infants
referred carried the 30-kb deletion (5 high, 4 moderate, and 39
no/low risk). Consistent with previous reports,'*** p.R168C was
always carried in cis, and no other variants were detected on the
deleted allele.

p-T96A was carried by more than one-quarter of infants
referred (96/348), representing by far the most common poten-
tially pathogenic mutation detected among the referral popula-
tion. Eight were homozygous, 21 were compound heterozygous
for p.T96A and another variant, and 67 infants were hetero-
zygous for p.T96A. On all 104 alleles, p.T96A was carried on
the p.D232N haplotype background. Infants carrying p.T96A
were classified diagnostically in moderate, low, and no-risk
categories, but none was classified as being at high risk, and
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p-T96A has not been detected in confirmed cases identified
via NBS (Table 4). This variant has been reported previously
in two patients with adult-onset KD (one with p.D171V on the
other chromosome,” and the other with p.P138R%). As part of
a study to determine the frequency of GALC variants in the
general population, we sequenced >240 specimens with >20%
GALC activity, and p.T96A was not detected. In an expanded
institutional review board-approved screen (NYS Department
of Health), we genotyped p.T96A in initial specimens from
approximately 3,400 infants accessioned by the program over
a 4-day period without regard to GALC activity and with a
similar race/ethnic distribution as the general population. We
found the carrier frequency of p.T96A was 0.62% (no homozy-
gotes detected; minor allele frequency = 0.31%). p.T96A may be
another pseudodeficiency allele; however, it has been reported
in two KD patients with adult-onset disease, so we cannot rule
it out as a late-onset mutation.

Overall, 39 individuals carried at least one copy of p.Y303C,
which was also always found on the p.D232N haplotype.
p-Y303C carriers were found in all risk categories (Table 4).
This variant has been reported in several individuals compound
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Table 4 Newborn screening and diagnostic testing results by genotype

Range of newborn

Range of diagnostic Number of infants in

Variant Number of screening GALC activity  testing GALC activity each risk category (high/
Variant 12® 2ab infants (% DMA) nmol/hour/mg moderate/low¢/no)
P/LP P/LP 5 4.3-10.9% 0.01-0.12 5/0/0/0
P/LP Other 3 8.5-10.8% 0.09-0.29 1/2/0/0
P/LP p.Y303C 3 8.3-9.6% 0.07-0.25 2/1/0/0
P/LP p.T96A 3 10.3-11.5% 0.25-0.35 0/2/1/0
Other Other 12 4.7-11.6% 0.03-0.45 4/4/3/1
Other p.Y303C 4 4.9-11.2% 0.05-0.86 1/2/0/1
Other p.T96A 13 5.0-11.5% 0.21-0.50 0/5/7/1
p.Y303C p.Y303C 8 6.1-11.9% 0.06-0.30 1/6/1/0
p.Y303C p.T96A 5 8.3-9.7% 0.18-0.50 0/5/0/0
p.T96A p.T96A 8 6.4-10.9% 0.30-0.90 0/2/4/2
P/LP - 71 4.5-12.0% 0.21-1.60 0/3/27/40¢
Other - 118 5.1-12.0% 0.20-1.80 0/5/31/81¢
p.Y303C - 19 6.9-12.0% 0.31-1.60 0/0/8/11
p.T96A - 67 6.7-12.0% 0.30-1.80 0/0/9/58
- - 9e 5.8-11.3% 0.35-1.90 0/0/1/8

DMA, daily mean activity; KD, Krabbe disease; UTR, untranslated region.

Variants are classified as into five categories using ACMG guidelines*': P/LP = pathogenic/likely pathogenic mutations (including “PVS1 null variants” such as large deletions,
frameshift mutations, mutations at canonical splice sites, the extension mutation, and small in-frame deletion); p.T96A; p.Y303C; “Other” (all other rare variants (some

of which have been reported in KD patients) and variants of unknown significance, primarily missense variants, but also rare synonymous mutations near exon/intron
boundaries and rare 57/3’UTR variants); or “~" (wild-type or polymorphisms including p.D94= and p.V320M). *Genotype phase estimated from parental data, where
available. “As described in the text, the low-risk category was eliminated in 2012. “One infant with a P/LP/— genotype and one with an other/- genotype were lost to follow-
up and did not undergo diagnostic testing. Nine infants referred for very low GALC activity (<8%) or who carried p.D94= or p.V320M (before they were reclassified as

polymorphisms) are included.

heterozygous for p.Y303C and the 30-kb deletion, with onset
ranging from 5 to 23 years,’ and in another individual com-
pound heterozygous for p.Y303C and a splice site mutation,
with onset at 29 months.’

Each infant in the high-risk group was either homozygous or
compound heterozygous for two potentially pathogenic vari-
ants. In the moderate-risk group, 78.4% (29/37) carried vari-
ants/mutations on both alleles. Excluding nine infants with
<8% activity who carried only polymorphisms, in the no-risk/
low-risk groups (see Supplementary Methods online) 7.3%
(21/286) carried a potentially pathogenic mutation on both
alleles and 92.7% were heterozygous for a single variant/muta-
tion (265/286).

Other than those homozygous for the 30-kb deletion (three
infants), p.T96A (eight infants), or p.Y303C (eight infants;
Table 4), seven infants homozygous for potentially pathogenic
mutations were identified, including one p.V320M homozygote
(diagnostic activity = 1.90; not at risk), one p.M101V homozygote
(diagnostic activity = 0.18; moderate risk), and five who carried
two copies of p.L618S. Seventeen p.M101V carriers were found
in all risk groups in our population. p.M101V and p.M101L have
been reported in later-onset patients.>*" Each of the four infants
who carried at least one copy of p.V320M were found to be not
at risk. This variant is no longer considered to be pathogenic and
probably represents a neutral variant or an activity-modifying
polymorphism or is only associated with reduced activity because
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it is allelic with p.I546T (three infants) or p.J546T+p.R380W
(one infant). Functional studies would be necessary to determine
whether p.V320M and others (such as p.D94=) are indeed pseu-
dodeficiency alleles. p.L618S was found in cis with several other
variants in our population (Supplementary Table S3 online),
and those who carried two copies of p.L618S were categorized
as being at high (1; case 9, Table 3), moderate (3; cases 18, 21,
38, Supplementary Table S4 online), and low risk (1; case 52,
Supplementary Table S4 online). p.L618S has been previously
reported in the compound heterozygous state or homozygous
state in at least three symptomatic patients, with onset ranging
from 8 months to adulthood.***-

Nearly all of the 348 infants referred carried at least one of the
three common activity-attenuating polymorphisms (p.R168C,
p-D232N, p.I546T). The frequency of each was elevated in the
referral population compared with published data.? For example,
the minor allele frequency of the p.R168C+p.I546T haplotype
among referrals was 28.6%, but it is reported to represent 2% of
alleles in the unaffected general population.” Slight differences
in enzyme activity among the race/ethnic groups were probably
due, at least in part, to different frequencies of activity-modifying
polymorphisms and other variants in the race/ethnic groups.

DISCUSSION
NYS was the first, and is currently one of only two states, to
have active KD NBS.2"** Although the Secretary’s Advisory
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Committee on Heritable Disorders in Newborns and Children
advised against NBS for KD, citing insuflicient knowledge about
the accuracy of screening, diagnostic strategy, benefits and harms
of treatment, and long-term prognosis,” screening for KD was
mandated in NYS in 2006. Screening for KD is on our panel by
NYS regulation, and the program has identified infantile Krabbe
disease cases. We are unaware of any infantile cases of Krabbe
disease that have occurred and were not detected by screen-
ing. After 8 years, nearly 2 million infants have been screened,
with a screen-positive rate of 0.018%. Fifty-one infants consid-
ered to be at moderate to high risk of disease have been identi-
fied; among them, five cases of EIKD have been confirmed. All
infants classified as high-risk either have been diagnosed with
EIKD or have passed the cutoff age (onset <1 year) for early/late
infantile KD diagnosis. The positive predictive value of screen-
ing is 1.4% for confirmed infantile KD, although this does not
take into account potential later-onset forms.

The estimated infantile KD incidence in NYS, at 1 in 394,000,
is lower than previous estimates of 1 in 100,000. It was also
expected that the infantile form would represent 90% of all
KD."? Some proportion of the asymptomatic but at-risk infants
identified may, at some point, manifest disease; these infants
are now “patients-in-waiting,” which can have a substantial
psychosocial impact on families. In addition, the assessment
of risk is under evaluation and the changes are under consider-
ation, such as use of psychosine testing and repeating enzyme
testing; this should reduce the number of at-risk infants. If all
infants determined to be at high risk for disease were included,
then the calculated NYS KD incidence would be 1 in 140,000;
including all 51 infants considered to be at moderate to high
risk, the incidence would be 1 in 39,000. Including all infants
in the moderate- to high-risk groups who have two potentially
pathogenic mutations in GALC, representing a more conven-
tional recessive disease definition in which both alleles have
potentially disease-causing mutations and there is an abnor-
mal (in this case, biochemical) phenotype, the incidence
would be 1 in 46,000. The residual enzyme activity makes it
unlikely that infants classified as being at low risk or not at risk
will develop disease, although 21 infants in these two groups
were homozygous or compound heterozygous for two vari-
ants/mutations, suggesting that at least some of these variants
are nonpathogenic.

The paucity of early-onset (within 6 months of age) and
late-onset (6-12 months) infantile cases and overabundance of
potential later-onset cases are not explained. The low incidence
of EIKD may be due, in part, to the relatively high frequency
of births among non-Europeans in NYS. However, none of the
confirmed cases identified via NBS is of European decent, high-
lighting demographic differences between NYS and the general
US population. Population-based screening for low GALC
activity could have revealed a broader spectrum of penetrance
or expressivity for later-onset KD that has not been previously
recognized. Fabry disease incidence in cases identified by NBS
has also been reported to be elevated compared with diagno-
sis in symptomatic individuals.** The incidence of later-onset
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cases may be higher than reported, as suggested by the number
of two-variant/mutation infants identified by NBS, and may be
higher than reported in at least one other population.*®

After 8 years of NBS in a state with an annual birth rate of
approximately 250,000 per year, an average of 44 infants per
year screened positive for KD and were referred for follow-up,
corresponding to 18 per 100,000 births. This includes one
asymptomatic case classified as being high-risk and possibly
one confirmed infantile-onset case each year. From the labora-
tory perspective, including both initial and repeat heel sticks,
NYS conducts ~5,100 assays, 25 retests (in duplicate), and ~1.5
reflexes to molecular analysis per week. From the follow-up
perspective, one infant is referred per week (18 per 100,000
births). Other programs using comparable algorithms and
methodology could expect screen-positives proportional to the
size and characteristics of the population screened. Programs
testing for multiple LSDs will be able to assess sample quality
issues affecting enzyme activity, which could result in fewer
specimens requiring molecular analysis or referral.

The NBS GALC activity assay is sensitive. However, the assay
measures activity on synthetic, rather than natural, substrate.
We have found variation in activity due to biological and sea-
sonal factors lowering activity, resulting in false positives. Based
on seasonal fluctuation of enzyme activity,”” we speculate that
temperature plays a role, so cutoffs based on a DMA rather than
using a fixed cutoft were implemented. The threshold (<12%
activity) was conservatively set to minimize false negatives.
To the best of our knowledge, no KD case has been missed by
screening. The MS/MS assay also identifies pseudodeficient
infants. To minimize the false-positive rate, molecular GALC
analysis was included as a second-tier test. We have found that
molecular analysis reduces the referral rate by ~43.8% by iden-
tifying pseudodeficient infants with nonpathological low activ-
ity, sparing families distress and anxiety associated with referral
for a devastating disease with limited treatment options.*

It is advantageous for NBS laboratories to have the required
expertise, infrastructure, and funding to conduct timely molec-
ular analyses. Samples cannot be batched and must be analyzed
immediately on detection of low GALC activity for the infant
to be seen by a specialist and to undergo clinical and neuro-
logical testing if warranted and still provide families with time
to make a decision regarding treatment. The benefit of having
this information substantially outweighs the cost to the fami-
lies and health-care system because 43.8% of families are never
brought to medical attention. If NBS programs do not provide
it, then many physicians would order genetic testing follow-
ing a KD referral, increasing the time for this information to
be considered along with the clinical assessment. The referral
rate could be reduced further if only infants with two muta-
tions were referred; however, the risk of missing an infant with
a second undetected mutation remains a concern because we
do not know the frequency of other deletions not detectable
by sequencing.” Furthermore, families with a child with one
mutation can be appropriately counseled with respect to carrier
testing and risk for future pregnancies.
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Several additional factors are associated with either large (age
at sampling) or subtle (race/ethnicity and gender) variation in
the NBS assay (Table 2). For example, the average activity in
DOB specimens is more than twice that found in specimens
sampled after the first 24 hours of life. NYS considers DOB
specimens unsuitable for most NBS tests, and this elevation
in activity could mask true KD cases, resulting in false nega-
tives. Thus far, all six infants with DOB specimens subsequently
referred based on results from repeat specimens were classified
after confirmatory testing as being at low risk/not at risk; we
do not know the impact of DOB sampling on true positives.
Furthermore, although inclusion of DOB specimens in the
DMA calculation has minor effects on the NYS average, the
mean could be inflated in laboratories that test a small num-
ber of samples or receive a large number of unsuitable DOB
specimens.

The NBS MS/MS assay detects infants with low GALC
activity but, as previously noted,” there is little correlation
between activity measured by the NBS assay and the diagnos-
tic laboratory. Normalization to white blood cell protein, use of
[B-galactosidase enzyme activity for specimen quality monitor-
ing, and variability in inhibitors probably contribute to differ-
ences. When white cell lysates isolated from diagnostic samples
are split and tested using both assays, results are more compara-
ble (data not shown). The combination of activity with molecu-
lar analysis more closely aligns with diagnostic activity, because
the majority of newborns at high (100%) and moderate (78.4%)
risk carried two GALC mutations/variants, whereas most of the
infants at low risk/not at risk were heterozygous for one muta-
tion/variant or carried polymorphisms only (92.9%).

Prior to the onset of screening, little had been published
on the KD mutation spectrum and prevalence, especially in
North America. Contrary to our expectations, several muta-
tions expected to be prevalent either have not been detected
in the first 8 years of screening (c.1424delA) or were detected
in only one or a few infants (e.g., p.G270D, p.R380W). Other
potentially pathogenic mutations such as p.T96A and p.Y303C
are relatively common in the NYS referral population. Except
for variants that clearly abolish protein function, such as the
30-kb deletion and other truncation, frameshift, nonsense, and
splicing mutations, it is difficult to infer genotype—phenotype
correlations because most variants are novel and/or rare. It
is fairly well accepted that an individual homozygous for the
30-kb deletion will develop EIKD, and an individual carrying
p-G270D in conjunction with any other mutation will develop
later-onset KD.? Others have found little association between
GALC activity and disease onset or severity,' and there is still
limited knowledge of the effects of specific mutations on GALC
activity. It is unclear whether novel variants detected in our
population represent pathogenic mutations or are rare vari-
ants that slightly modify GALC activity in a manner similar
to other more common polymorphisms such as p.I546T and
p-R168C but are not sufficient to cause disease. Variants such
as p.T96A and p.Y303C have been reported or observed in a
few patients,>**” but none of the 21 infants homozygous or
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compound heterozygous for p.T96A and/or p.Y303C or any
of the infants compound heterozygous for p.T96A or p.Y303C
and another known disease-associated mutation is known to
have been diagnosed with KD. These two variants are prob-
ably associated with later-onset disease or nonpathological low
GALC activity, or may cause disease only when coexistent with
specific variants/mutations. Functional data from each of the
mutant alleles will be an important step in establishing patho-
genicity (functional studies are being completed as a joint col-
laboration in the NBS (M.C.) and diagnostic testing (D.A.W.)
laboratories), which is complicated by variability in genetic
background. We expect that as KD NBS continues and expands
to other states, screening and referral algorithms may be refined
and tailored, especially if phenotypes associated with specific
mutations are identified.

Three key modifications to the original testing and referral
algorithm have been made. First, although the NBS assay was
rigorously tested using known positive, carrier, and negative
controls before screening was initiated, the low activity cutoff
was increased from 10 to 12% when an infant screened positive
at 9.9% and was confirmed to have EIKD. This point empha-
sizes the importance of using age-matched controls in estab-
lishing cutoff values. Second, infants with <8% activity are no
longer immediately referred. We had initially taken a cautious
approach by referring infants with very low activity as quickly
as possible, but the delay due to second-tier molecular analysis
has been minimized. Furthermore, five infants with <8% activ-
ity carried only activity-modifying polymorphisms and were
determined to be at low risk (one infant) or not at risk (four
infants) for KD after the diagnostic testing laboratory measured
GALC activities that were >0.35 nmol/hour/mg. Third, we
eliminated the low-risk category, so any newborn with activity
that is >0.3 nmol/hour/mg is placed in the no-risk/not-at-risk
category, with the exception of infants carrying two variants,
who are considered to be at moderate risk. Screening, referral,
and follow-up algorithms continue to be reviewed by the NBS
program and Specialty Care Centers.

KD NBS in other states is imminent.'* Although hematopoi-
etic stem cell transplantation performed during the first month
of life may provide benefit to some infants with infantile-onset
KD,»*% it is challenging for Specialty Care Centers to diag-
nose, evaluate, and refer infants to qualified transplant centers
within the first few weeks of life. Even when transplantation is
performed early, delays in development of gross motor skills
have developed in most patients, including our two surviving
patients.? Later-onset forms detected by screening can also ben-
efit from transplantation, even after mild symptoms develop.”
Still, transplantation may be most beneficial when performed
before irreversible neurological damage occurs, so its true suc-
cess rate may depend on identification and transplantation of
patients before clinical presentation. Counseling families in
the absence of apparent disease is challenging because, in the
absence of two pathogenic mutations that clearly abolish pro-
tein function, neither enzyme activity nor molecular analysis
predicts which high-risk or moderate-risk infants will develop
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symptoms during their lifetime. Identification and use of other
biochemical markers of disease such as psychosine may eventu-
ally aid in establishing a diagnosis and/or risk assessment.**
Health-care professionals must be highly skilled in commu-
nicating information about KD prognosis and benefits, risks,
and long-term outcomes associated with transplantation so
that families are empowered to make the difficult decision of
whether their child should undergo transplantation.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper
at http://www.nature.com/gim
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