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1.  NBS for LSDs, Worldwide rates of first-tier, below cutoff samples using MS/MS

2.  Comparing NBS LSD results across different assay platforms.

3.  Imprecision of LSD NBS assays at the screen cutoff is key.

4.  Highly multiplexible NBS assay for enzymatic activities and biomarkers. 

5.  Pilot study results of several lysosomal storage diseases (beyond Pompe and MPS-I) in the
WA NBS lab.
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How many false positives do we get in live MS/MS LSD NBS programs WORLDWIDE?

1.  It depends on the screen cutoff chosen by each NBS lab.   It is MEANINGLESS to discuss
false positive rates without including the screen cutoffs.

DATA comes from:
1) publications in the primary literature
2) presented at NBS conferences by each NBS lab.
3) presented on NBSTRN conference calls by each NBS lab.

No data from vendor websites is included here.  

google it and you can get it for free on the web.



Example data set:   MPS-I

For fluorescence data from the
MO NBS lab,  see: JAMA Ped. (2018) 172, 696.

For LSDs, the vast majority of first-tier, below-cutoff hits are
false positives.

Thus the rate of false positives is pretty much equal to the 
rate of first-tier, below-cutoff hits.  

PPV values are difficult to interpret since we have late onset,
asymptomatic patients.  Thus, comparison of PPVs at this 
point makes little sense.  Many genotypes suggest disease
onset but often the information is inconclusive.
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We cannot compare µmole/hr/L values across different assay platforms (for example, MS/MS vs DMF-F) because
the platforms use different substrates and buffers.

Or said another way, an identical DBS analyzed by DMF-F and MS/MS will give different µmole/hr/L values.

It is likely that:    (µmole/hr/L)DMF-F = α(µmole/hr/L)MSMS + β

β is zero for MPS-I.  A DBS with no functional IDUA enzyme will read zero µmole/hr/L with DMF-F and MS/MS because the 
substrates  are specific for IDUA.  In this case β = 0, and α cancels out of the MoM (activity of newborn divided by mean
newborn activity) and we can compare cutoffs for DMF-F and MS/MS if we use MoM.  

BUT THIS IS NOT TRUE FOR POMPE DISEASE as you will now see.



Comparison of cutoffs across different assay platforms.  Discussions are underway to
define universal cutoffs.  CAUTION IS ADVISED!



DMF-F data published by the MO NBS lab

P. Hopkins, NBSTRN Webinar, April 2017

28% of median
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MS/MS data from NY NBS lab and Chinese Foundation of Health (Taiwan)

Clin Chem. 2017 63, 1271-1277

J. Orsini, Wadsworth Ctr, NY

NY

Taiwan



(µmole/hr/L)DMF-F = α(µmole/hr/L)MSMS + β

β for MS/MS is close to zero but much larger for DMF-F.  So we cannot simply use MoM as a universal cutoff for
Pompe disease accross different assay platforms.  MO uses a cutoff of 28% of mean GAA activity and presumably
cannot go lower, otherwise they would miss Pompe patients.  NY uses 15% of mean GAA activity and presumably 
cannot go lower, otherwise they would miss Pompe patients.

Recall, acarbose is used in the Pompe assay buffer to inhibit the enzymatic activity due to the off-target enzyme
maltase glucoamylase.  This interference is much higher for DMF-F compared to MS/MS.  The DMF-F buffer
uses a lower concentration of acarbose than the MS/MS buffer.

In cases where there is different contributions of off-target enzymes across different assay platforms, we
cannot use a universal cutoff based on MoM.



We cannot use MoM to compare cutoffs used in MS/MS versus DMF-F for Pompe disease

MoM for Pompe for Intanfile Pompe DBS

MO:  19%
NY:  3%
Taiwan: 2%



Analytical Range and Z-factor have been topics of discussion, both are useful but not
the key factor in determining the rate of false positives.

What matters is the IMPRECISSION OF THE NBS ASSAY NEAR THE SCREEN CUTOFF.  
Int. J. Neonat. Screen (2019) 5(2), 17

This is a ”must read” paper and available online for free.

What is the most important assay factor in reducing false positives in a NBS program?



Log-Normal
Distribution

Observed distribution of assay values in a NBS program
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Newborns with the disease

Newborns without the disease

area under each
curve must be unity

Data from DBS from affected and healthy newborns
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How do we measure assay imprecision?

We take multiple punches from the same DBS and measure the enzymatic activity multiple times
using the assay of interest.

The only dataset done for DMF-F and MS/MS on the same set of DBS by the same lab is the published
data from the CDC (20 repeat punches on each QC standard)

The observed population distribution data is the distribution data if the assay has no imprecision blended
with the imprecision of the assay method.  This blending is done by a process called Convolution.  Finite
imprecision causes a BROADENING of the distribution.  

Finite imprecision near the cutoff increases the number of  false positives and false negatives:  
1)  A newborn may truly have enzymatic  activity above the cutoff but be found by NBS to lie below the cutoff, 
thus increasing the false positive rate. 

2)  Likewise, a newborn may truly have enzymatic activity below the cutoff but be found by NBS to lie above the
cutoff, thus increasing the false negative rate.

3) We don’t care much about imprecision way above the cutoff or way below the cutoff, we care mainly about
IMPRECISION NEAR THE CUTOFF.

The full analysis by a team of statisticians at the Univ. of Washington is published:  Int. J. Neonat. Screen. (2019)



Data taken from
the public NBS web portal at
the CDC

Imprecission data published by the CDC



Expanded Newborn Screening:  A Look into the future  (IMHO)

1.  Eventually DNA sequencing will be the main method for NBS, but nobody knows when.
In < 10 years?  No way.  In 30-40 yrs?  Maybe

2.  To fill the gap from now til then, we continue with biochemical tests in DBS.



Biochemical tests in DBS

1.  Mass spectrometry is by far the most general platform.

2.  Some enzymes (i.e. GAA for Pompe and IDUA for MPS-I) can be assayed by fluorescence and mass spec, but many
enzymes can only be measured by mass spec.

3.  Most biomarkers (i.e. C26-LPC for X-ALD) can only be measured by mass spec with no fluorescence assay on
the horizon.

4.  Many protein abundance assays can be done with immunoassays, but some (i.e. Wilson disease) require mass spec.

Looking in to the future, LC-MS/MS is the only platform that can accomodate all of these assays.



FIA-MS/MS versus LC-MS/MS

FIA-MS/MS

Autosampler + 1 pump + MS/MS

LC-MS/MS

Autosampler + 2 pumps + column + MSMS

FIA-MS/MS is about 1 min per newborn and LC-MS/MS is about 2 min per newborn.  This is a factor in large
NBS labs like NY and CA but less so in smaller states.  This is the key reason that  NY and CA use FIA-MS/MS
for X-ALD and then LC-MS/MS as a second tier test, whereas IL, WA, MN use only LC-MS/MS.  However, in
the future when multiple additional conditions are screened, LC-MS/MS will be the method of choice and also the
cheaper and faster option.

The LC column can be used for ~10,000 assays and thus adds a cost of only 5 cents per newborn (or 1 cent per
newborn for NBS of 5 conditions).  This usage estimate is based on studies of more than 100,000 in WA NBS lab
and more than 1 million NBS in IL NBS lab.

NBS labs that I am aware of now using LC-MSMS as their first-tier DBS assay:

IL, WA, MN, Taiwan (all 3 NBS centers), I think there are a few more using LC-MS/MS for X-ALD first-tier

Costs to add binary solvent LC to your FIA-MS/MS system is about $30-40K per machine



The comprehensiveness of LC-MS/MS

3 mm DBS punch extracted with methanol for biomarkers
3 mm DBS punch incubated in low pH buffer with enzyme substrates and internal standards
3 mm DBS punch incubated in neutral pH buffer with enzyme substrates and internal standards

Combine all 3 incubations and do a single injection onto LC-MS/MS, at 2 min per newborn.

I will refer to the above as the “LC-MS/MS Method”



LC-MS/MS 
5-plex assay for X-ALD, Pompe, MPS-I, Biotinidase deficiency, and Galactosemia

Plans underway to validate it in the WA NBS Lab.

Hong et al (2018) Molec. Genet. Metab.

LC-MS/MS Method

This 5-plex will save considerable money over all other existing platforms since it can be carried out
by a single lab tech rather than separate lab techs for X-ALD, Pompe/MPS-I, galactosemia/biotinidase.
This is an LDT, no FDA-approved kit currently.

All reagents commercial available:  

For all enzyme substrates ~$0.10-1.5 per enzyme per newborn
For all biomarkers, you need only trace amounts of internal standard:  ~$0.005 per biomarker per newborn



New GALT assay for galactosemia by LC-MS/MS

UDP-Glucose   +   Galactose-1-Phosphate Glucose-1-Phosphate + UDP-Galactose
GALT

Glucose-6-Phosphate6-Phosphoglucuronate Coupling enzyme from
bacteria

Lactose-TagGlucose-6-
Phosphate
Dehydrogenase

NADPH              NADP+

Galactose-Lactose-Tag

LC-MS/MS
Fluorescence

Phosphoglucomutase

MS/MS assay does NOT suffer from a false positive GALT screen due to
glucose-6-ph`osphate dehydrogenase deficiency (the most common enzyme deficiency in humans), and
in the same screen ”LC-MS/MS method” you will also determine if G6PDH is deficient if you care to
report that.

Hong et al (2018) Molec. Genet. Metab.





In going forward we follow the Wilson Jungner criteria

We add conditions with the RUSP at our helm augmented by parent advocacy

I will now show you how The LC-MS/MS method can be expanded into the future.
I am not suggesting we do all of these disorders prior to well, thoughtout expansion.



The LC-MS/MS Method
Adding MPS-II,MPS-IIIB, MPS-IVA, MPS-VIA, MPS-VII  so now a 10-plex
(or any subset)

Pilot study completed in the WA NBS lab on 100,000 de-identified newborns

submitted for publication



Results of the WA DOH/UW pilot study

Scott, Elliott, Gelb submitted for publication

n=100,000,  cutoff for all dieases 10% of mean activity

MPS-II: 5 females below cutoff (all wild type),  8 males below cutoff (1 affected, 2 likely 
affected, 5 wild type).  

MPS-IIIB:  3 below cutoff (2 carriers, 1 wild type).

MPS-IVA:  9 below cutoff (2 affected, 7 wt or carriers).

MPS-VI:  8 below cutoff (all wild type/carriers).

MPS-VII: 1 below cutoff (affected).

These hit rates are
first-tier, single punch
results (no re-tests)



The LC-MS/MS Method 
Adding Fabry, Gaucher, Niemann-Pick-A,B,C, Krabbe, MPS-IIIA, IIIC, IIID, 
CLN1, CLN2, MLD, LAL-deficiency, CTX

For Fabry we measure GLA enzyme and lyso-Gb3 biomarker
For Gaucher we measure GBA enzyme and lyso-Gb1 biomarker
For Niemann-Pick-A,B we measure SMPD1 enzyme and lyso-SM biomarker

Hong and Gelb, submitted for publication



NBS for MLD via measurement of the activity of the relevant enzyme ARSA is not practical because of the
enormous pseudodeficiency problem, about 1 in 200 people are homozygous for the common pseudodeficiency
allele.

So the best way is to measure the accumulation of the ARSA substrate suflatide in DBS by LC-MS/MS

Spacil et al. (2016) Clin Chem.



Sulfatides in DBS for NBS of MLD The LC-MS/MS Method





The LC-MS/MS Method

What about diseases for which there is no biomarker on the horizon and no biochemical functional assay possible?

The only option is to measure the abundance of the relevant protein.  This can sometimes be done by
immunoassays, but for low abundance proteins, immunoassays are typically not feasible.

Wilson Disease  (a copper transporter in membranes)

Cystinosis  (lysosomal cystine transporter)

Primary Immunodeficiencies beyond SCID (various factors)



The LC-MS/MS Method

We are up to 32 diseases, about half of which cannot be done by fluorimetric or immunoassays.

I have to consider diseases such as Niemann-Pick-C, CTX, X-ALD, MLD, Wilson disease, cystinoisis...
that can only be done by LC-MS/MS or for which the LC-MS/MS is by far the better way to do it.

Yet I understand that diseases like Pompe and MPS-I do not have to be done by MS/MS.  I knew
that 15 yrs ago when I started in this field.  But 15 yrs ago I imagined MS/MS as the only technique
capable of assaying virtually any enzyme or biomarker.  



SUMMARY

1.  Report rate of below cutoff samples together with cutoff values.

2. Universal cutoffs across platforms using for example MoM will work in some but not all cases, caution is advised.

3.  Imprecission of the assay near the screen cutoff is the most important factor that determines the rate of false
positives and false negatives.

4.  A highly multiplexable, LC-MS/MS method assay has been demonstrated for 30 diseases that measures
a mixture of enzymatic activities, biomarkers, and protein abundances.   It includes an improved GALT assay that does not 
give a positive if G6PDH is deficient.  It also includes things like X-ALD, MPS-IIIA, Niemann-Pick-C, CTX.... that can only be
done by mass spectrometry with no other method in site.

5.  New pilot data show that NBS for MPS-II, MPS-IIIB, MPS-IVA, MPS-VI, MPS-VII, and MLD is feasbible.  

A NYC prospective pilot on a subset of these 30 disorders (some RUSP conditions and some forecasted to be nominated for
the RUSP over the next ~5 yrs) should start as a collaboration between Albert Einstein College of Medicine,
University of Washington, Wadsworth Center.  Dr. Melissa Wasserstein is the program leader.



It’s not all about Mass Spec

The idea of putting low maintainence devices/low cost devices on the same wing 
of a birthing center, close to the newborn, and capable of doing expanded 
biochemical test for serious conditions is a real eye-opener for me.

Here is where technology like fluorescence assays can really shine.

This is outside the domain of the newborn screening lab; sometimes this
is warranted.



backup slides if questions arise



CDC Imprecision Ddta
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affected
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Mean of
healthy

CDC data









no imprecission

high imprecission
for all assay values

high imprecision
above the cutoff only

highimprecision
near the cutoff only

high imprecision
below the cutoff only

red diamonds are for the cutoff



The Newborn Screening Translational Research Network

Monthly NBS Pilot Webinar

March 7, 2019



Update from Pilot Sites
• New York – February 2019

• MPS1/SMA screening started 10/1/18

• MPS1: 92,000 specimens with 7 referrals. 2 were carriers 
for pathogenic pseudodeficiency alleles and other 5 
unknown  significance pseudodeficiencies. No true cases

• SMA-4 referrals
• Case 1: 3 copies SMN2. Baby enrolled in gene therapy trial.
• Case 2: 2 copies SMN2. No follow-up from care center
• Case 3: >4 copies SMN2. Entered SPOT SMA study
• Case 4: 2 copies SMN2. Still being evaluated

• Pompe: ~ 1 million screened
• 5 new referrals in January. All had 2 variants. Fewer carriers 

and pseudodeficiencies since using CLIR.

• Phasing done for 3/5 had variants in trans. All 5 had 
late onset slice variant. 1 homozygote. Awaiting 
diagnostic enzyme  results

• Discussion
• What is the protocol? 2nd tier sequencing of IDUA. Working on 

getting GAG assay running.
• Dr. Swoboda would like to offer enrollment to >4 copy in SPOT 

SMA LPDR. Please tell providers about this study if the baby  
does not go into a trial. Can refer babies to SPOT if in clinical 
trial depending on clinical trial company. If baby in SPOT could 
still  refer for gene therapy trial. Enroll all babies seen before 
enrolled in any other trial. Goal is to get as many as possible 
identified  via NBS. Continuation in SPOT SMA depends on 
clinical trial (some will not allow you to include trial data like 
motor outcomes,  only clinical data in SPOT SMA)
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• New York – March 2019
• MPS1: 111K, no classic cases, one or two maybe 

attenuated – more follow-up underway – 9 
referrals; GAGs and urine slightly elevated – waiting 
for repeat set of testing; molecular from second 
tier screening. Most common severe MPSI causing; 
question of the other allele – testing further in the 
lab.

• Pompe: 1.1M screened; 8 IOPD; 1 non classic IOPD; 
45 LOPD; nonclassic IOPD maybe 2 to 3 depending 
on follow-up

• X-ALD: 1.3M; 37 boys mutation and elevated 
marker; evaluating cut-offs underway –
harmonization of cutoffs; 33 girls mutations and 
elevated marker – what is the definition of an 
elevated marker -1 in 18K incidence rate; less than 
what some other states are seeing.
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