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Abstract

Background and aim To describe current diagnostic and ther-
apeutic strategies in organic acidurias (OADs) and to evaluate
their impact on the disease course allowing harmonisation.
Methods Datasets of 567 OAD patients from the E-IMD reg-
istry were analysed. The sample includes patients with
methylmalonic (MMA, n=164), propionic (PA, n=144) and
isovaleric aciduria (IVA, n=383), and glutaric aciduria type 1
(GA1, n=176). Statistical analysis included description and
recursive partitioning of diagnostic and therapeutic strategies,
and odds ratios (OR) for health outcome parameters. For some
analyses, symptomatic patients were divided into those pre-
senting with first symptoms during (i.e. early onset, EO) or
after the newborn period (i.e. late onset, LO).
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Results Patients identified by newborn screening (NBS) had a
significantly lower median age of diagnosis (8 days) com-
pared to the LO group (363 days, p<0.001], but not compared
to the EO group. Of all OAD patients 71 % remained asymp-
tomatic until day 8. Patients with cobalamin-nonresponsive
MMA (MMA-Cbl) and GAI1 identified by NBS were less
likely to have movement disorders than those diagnosed by
selective screening (MMA-CDbI : 10 % versus 39 %, p=0.002;
GA1l: 26 % versus 73 %, p<0.001). For other OADs, the
clinical benefit of NBS was less clear. Reported age-adjusted
intake of natural protein and calories was significantly higher
in LO patients than in EO patients reflecting different disease
severities. Variable drug combinations, ranging from 12 in
MMA-Cbl to two in isovaleric aciduria, were used for main-
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tenance treatment. The effects of specific metabolic treatment
strategies on the health outcomes remain unclear because of
the strong influences of age at onset (EO versus LO), diag-
nostic mode (NBS versus selective screening), and the various
treatment combinations used.

Conclusions NBS is an effective intervention to reduce time
until diagnosis especially for LO patients and to prevent irre-
versible cerebral damage in GA1 and MMA-Cbl . Huge di-
versity of therapeutic interventions hampers our understand-
ing of optimal treatment.
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Introduction

Most organic acid disorders (OADs) are caused by
inherited enzyme deficiencies in the catabolic pathways
of specific amino acids such as branched-chain amino
acids and lysine. First symptoms start during (early on-
set, EO) or after (late onset, LO) the newborn period
(Kolker et al 2015a). Although most OAD patients de-
velop symptoms without treatment, individuals have
been identified who remained well without treatment
such as those with p.Ala282Val mutations in the VD
gene (Ensenauer et al 2004). “Classic” OADs including
isolated forms of methylmalonic aciduria (MMA;
OMIM #251000, #251100, #251110, #277400,
#277410), propionic aciduria (PA; OMIM #606054)
and isovaleric aciduria (IVA; OMIM #243500) are char-
acterized by acute and/or chronic neurological impair-
ment in combination with variable visceral organ mani-
festations such as chronic renal failure and cardiomyop-
athy (Griinert et al 2012a, 2013; Horster et al 2007,
2009; Kolker et al 2015b; Mardach et al 2004; Nizon
et al 2013). Glutaric aciduria type 1 (GAl; OMIM
#231670), a “cerebral” OAD, is clinically characterized
by the acute or insidious onset of secondary dystonia
due to striatal damage in infancy. Preliminary evidence
points to progressive disease in patients diagnosed late
with the onset of dementia, cerebral neoplasms, periph-
eral neuropathy and chronic renal failure (Herskovitz
et al 2013; Kolker et al 2015b, 2006).

Although some of the OADs are already included in
national newborn screening (NBS) programmes of some
countries, many patients, in particular those with PA
and MMA, are still diagnosed after the manifestation
of initial symptoms (Loeber et al 2012). One argument
for excluding patients with “classic” OADs from NBS
is that the first symptoms often manifest during the first
days of life so that not all patients can be identified
early enough to prevent acute metabolic crises (Kdolker
et al 2015a). In addition, with the exception of GAl
patients, it is not clear whether patients with OADs
benefit from NBS (Dionisi-Vici et al 2006; Griinert
et al 2012a, b; Kolker et al 2006, 2007; Strauss et al
2007).

Guidelines for MMA, PA and GAl for diagnostic
work-up, maintenance and emergency treatment as well

as long-term follow-up and care have recently been
published (Baumgartner et al 2014; Kolker et al 2011;
Sutton et al 2012). General recommendations for main-
tenance treatment include (1) L-carnitine supplementa-
tion and (2) a low protein diet supplemented with
precursor-free synthetic amino acid mixtures (AAMs),
minerals and micronutrients. In addition, treatment pro-
tocols variably include oral antibiotics (MMA and PA),
glycine (IVA) and hydroxycobalamin (cobalamin-respon-
sive MMA, MMA-Cbl") (Baumgartner et al 2014;
Griinert et al 2012a; Kolker et al 2011; Sutton et al
20124). Feeding problems are common in OAD pa-
tients, particularly in MMA and PA patients, and tube
feeding is often necessary to supplement the diet and to
ensure adequate intake of medication (Evans et al
2012). Emergency treatment aims to prevent or reverse
catabolism, to restore acid base balance, to reduce the
production of toxic metabolites and facilitate their de-
toxification and urinary excretion and thus to protect
OAD patients from irreversible organ damage and death
(Baumgartner et al 2014; Kolker et al 2011; Sutton et al
2012). Diagnostic and therapeutic recommendations are
often based on clinical studies with a low level of
evidence.

The major aim of this study is to describe current practices
of diagnostic work-up and treatment for OAD patients and to
evaluate the impact of different strategies on the disease
outcome.

Patients and methods
Patient registry and inclusion/exclusion criteria

The European registry and network for intoxication type met-
abolic diseases (E-IMD, EAHC no. 2010 12 01) received
funding from the European Union in the framework of the
Health Programme 2008-2013. The patient registry includes
pseudonymised data of patients with MMA (n=164), PA
(n=144), IVA (n=83) and GA1 (n=176) who were followed
by 35 centres in 20 countries (Suppl. Table 1). A detailed
description of the registry (URL: https://www.eimd-registry.
org) has been published previously (Kolker et al 2015a, b, c).
The study was approved by the ethic committee of the coor-
dinating centre (University Hospital Heidelberg, application
no. S-525/2010) and consecutively by those of all contributing
metabolic centres. Written informed consent was obtained for
all study patients before enrolment and baseline visit in coun-
tries where this was needed by law. Patients with unconfirmed
suspicion of an OAD unrelated serious comorbidities and pa-
tients who died before 1st January 2011 (starting date of E-
IMD) were excluded.
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Statistical analysis

SPSS (IBM SPSS Statistics 22.0) was used for descrip-
tive statistics (mean, median, interquartile range, range)
and computation of phi coefficient. For recursive
partitioning the method “Conditional inference trees”
(Hothorn et al 2006, 2015) was used according to pre-
vious studies (Garbade et al 2014; Kolker et al 2006).
Age-adjusted and -unadjusted odds ratios (OR) were
computed using Firth’s bias reduced logistic regression
approach with penalized profile likelihood based confi-
dence intervals for parameter estimates (Heinze and
Schemper 2002; Heinze et al 2013) to take into account
the small numbers in unfavourable levels of almost all
outcome variables for some groups. The adjusted OR
was used when there was a significant influence of
age on the outcome variable as evaluated by the penal-
ized likelihood ratio test (Heinze et al 2013), otherwise
the unadjusted OR was chosen. It was also tested if
there was a significant effect of the interaction between
mode of diagnosis and age on the outcome variable.
When it was not significant the model with only the
predictors mode of diagnosis and age was included in
the paper. Parameters were compared by randomised
median difference tests using the programming language
R (Richter and McCann 2007). In order to ensure the
stability of the probability estimates 100,000 permuta-
tions were chosen for these tests (Smucker et al
2007). p-values<0.05 were considered statistically sig-
nificant, values between 0.05 and 0.1 are reported as
trends. The cut-off date for the statistical analysis was
16th March 2015. For some analyses, we divided the
group of symptomatic patients into those presenting
with first symptoms during (EO group) or after the
newborn period (LO group).

Results
Study sample

From 1st February 2011 to 16th March 2015, a total of
567 OAD patients (303 males, 264 females) were reg-
istered by 35 metabolic centres in 20 countries. For
further details see previous publication (Kolker et al
2015a). The cohort consists of patients with MMA
(n=164) — among them 47 MMA-Cbl" and 117
cobalamin-nonresponsive MMA patients (MMA-Cbl")
— PA (n=144), IVA (n=283) including 12 patients with
a putatively mild form (Ensenauer et al 2004) and GA1
(n=176). The median age at the last reported visit was
8.3 years (interquartile range: 3.9-14.1 years, range: 0.1-
48.9 years). Six patients died during the study period

@ Springer

(n=4 PA, n=1 GAl, n=1 MMA-Cbl"), two of them
(n=1 PA, n=1 MMA-Cbl") during the initial metabolic
crisis.

Age at and mode of diagnosis

Most OAD patients (n=320) were diagnosed after the
manifestation of symptoms (selective screening), where-
as 180 patients were identified by NBS, 49 patients by
high-risk family (HRF) screening (i.e. families with a
previously diagnosed index patient) and eight patients
by prenatal testing. In ten patients, the mode of diagno-
sis was not reported. All patients diagnosed by selective
screening were born in countries without existing NBS
programmes for these diseases.

The overall median age at diagnosis was 21 days
(interquartile range: 6-300 days, range: 1-13,140 days).
Disease specific medians varied from 9 (IVA) to
105 days (MMA-Cbl") (Table 1; Suppl. Table 2). The
age at diagnosis was mostly related to two variables: (1)
the mode of diagnosis and (2) the proportion of EO and
LO patients by disease (Table 1). Noteworthy, across all
OADs the age at diagnosis was consistently lower in
the NBS group than in LO patients diagnosed by selec-
tive screening, whereas in the EO group an analogous
effect was observed for IVA and GAl but not for MMA
and PA patients (Table 1; Suppl. Table 2). This indi-
cates that some patients had already presented clinically
before results of NBS were available. In fact, 77 of 180
patients identified by NBS exhibited their first symp-
toms during the newborn period [median age at first
symptoms (interquartile range, range): 6 (3-21, 1-—
2370) days] in the E-IMD sample (Table 2; Suppl.
Table 3). To estimate the number of patients who might
have remained asymptomatic before NBS results were
available, we calculated the proportion of asymptomatic
patients at day 5 [i.e. quartile 1 (Q1), age at diagnosis,
NBS group] and 8 (i.e. median, age at diagnosis, NBS
group) in the NBS and selective screening group. The
results were strongly influenced by the proportion of
EO and LO patients in specific OADs. As expected,
the highest frequency of asymptomatic patients at days
5 and 8 was found for GA1 (Table 2; Suppl. Table 3),
followed by IVA and MMA-Cbl". Proportions of
asymptomatic patients at days 5 and 8 were similar in
the NBS and selective screening groups suggesting a
similar case mix of EO and LO in both groups.
However, we cannot exclude that both groups are dis-
crepant since patients who have remained asymptomatic
would not be included in the selective screening group
but could have been identified by NBS, whereas an
unknown number of patients might have died undiag-
nosed in both groups. Based on this we calculated that
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Table 1  Age and mode of diagnosis

Disease Patients n  Gender  Chronological age at

Age at diagnosis

Age at diagnosis ~ Age at diagnosis Randomized median

m/f last visit, median (n) (all), median (n) (NBS), median (n) (selective), median  test! for age at diagnosis
in years in days in days (n) in days

EO LO NBS vs. NBS vs.
selective, selective,

EO group  LO group
MMA-Cbl™ 117 54/63 7.4 (117) 17 (115) 8(32) 6(31) 224335 p=0430 p<0.001
MMA-Cbl® 47 25/22 89 (47) 105 (47) 7(7) 7(11) 348(18) p=1.000 p=0.032
PA 144 80/64 9.5 (142) 11 (137) 8 (43) 8(37) 210(35) p=1.000 p<0.001
IVA 83 41/42 7.5 (83) 9(82) 7(37) 18 (15) 1410(17) p=0.003  p<0.001
GAl 176 94/82 8.1 (175) 270 (173) 11 (59) 60 (4) 450 (85) p<0.001  p<0.001
Total 567 303/264 8.3 (564) 21 (554) 8 (178) 9(98) 363(190) p=0.810 p<0.001

Data are shown as median (n); " Based on 100,000 permutations; data are shown as median (n); EO, early onset, f, female; LO, late onset; m, male; NBS,
newborn screening; Selective, selective diagnostic work-up started after the onset of first symptoms. For descriptive statistical information including
median, mean, minimum, maximum, interquartile range see Suppl. Table 2. The supplementary table also includes data of high-risk family screening, i.e.

families with a previously identified index patient

at least 73 % of symptomatic OAD patients identified
by selective screening in the E-IMD sample could have
been identified by NBS if screening results had been
available before 8 days of age. This proportion varied
for the different OADs (Table 2; Suppl. Table 3).

Newborn screening: impact on health outcomes

To investigate the effect of NBS on health outcomes of
neonatally identified OAD patients we compared the fre-
quencies of developmental delay, movement disorders (in-
cluding dystonia, chorea, ataxia, spasticity), intellectual
impairment and renal and cardiac manifestations of pa-
tients identified by NBS with those diagnosed after the
onset of first symptoms (selective screening group), taking
into account the different age distributions between the two
groups (if any). The major beneficial effect of NBS was

Table 2 Frequencies of symptomatic patients and age at first symptoms

found for neurological outcome parameters. For MMA-
Cbl™ and GA1 patients identified by NBS achievement of
motor milestones was less often delayed than in the selec-
tive screening group. For IVA patients, we found a statis-
tical trend (p=0.075) for normal development in the NBS
group compared with the selective screening group.
However, this disappeared (p=0.141), when patients with an
assumingly mild clinical phenotype were omitted from the
analysis (Table 3, Suppl. Table 4). In addition, the manifesta-
tion of a movement disorder (MD) was significantly reduced
in the NBS group for MMA-Cbl™ and GA1l. For all other
OADs, odds ratios (ORs) were in the same direction of im-
proved outcome, however, the logistic regression did not con-
firm significance (Table 4, Suppl. Table 5, Suppl. Fig. 1).
Intellectual impairment is an additional or alternative indi-
cator of cerebral disease manifestation. Since IQ tests have so
far only been reported for a small number of OAD patients

Disease Patients n Age at first symptoms Age at first symptoms Asymptomatic patients Asymptomatic patients

(NBS), median (n) (selective), median (n) at day 5 n (%) at day 8 n (%)

in days in days

EO LO NBS Selective NBS Selective

MMA-Cbl™ 117 3(19) 3 (30) 210 (34) 17 (59) 41 (62) 15 (52) 39 (59)
MMA-Cbl* 47 4(3) 3(11) 300 (17) 4 (67) 21(72) 4 (67) 21(72)
PA 144 6(37) 4 (36) 195 (32) 23 (56) 51(72) 20 (49) 45 (63)
IVA 83 609 4 (15) 570 (17) 30 (88) 24 (73) 26 (77) 20 (61)
GAl 176 240 (9) 55(4) 360 (72) 32 (100) 87 (98) 32 (100) 86 (97)
Total 567 6 (77) 3.5 (96) 300 (172) 106 (75) 224 (78) 97 (68) 211 (73)

Data are shown as median (n) and as n (%);EO, early onset; LO, late onset; NBS, newborn screening; Selective, selective diagnostic work-up started after
the onset of first symptoms. For descriptive statistical information including median, mean, minimum, maximum, interquartile range see Suppl. Table 3
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Table 3  Achievement of motor milestones

Disease MoD Total n Normal development Delayed development OR from logistic
n (%) n (%) regressionT with covariate
age at last regular visit
MMA-Cbl™ NBS 30 28 (93) 2(7) MoD: OR,=5.63, 95 % CI
Selective 63 47 (75) 16 (25) [1.52;30.95], p=0.008
LR (df=1)=38.18,
p=0.004
MMA-Cbl* NBS 7 6 (86) 1 (14) MoD: OR,=1.71,95 % CI
Selective 29 21(72) 8(28) [0.29;18.24], p=0.574
LR (df=1)=0.55,
p=0.459
PA NBS 39 35 (90) 4 (10) MoD: OR,=0.73, 95 % CI
Selective 64 59(92) 5(8) [0.19;2.88], p=0.639 LR
(df=1)=0.01, p=0.903
IVA (with IVA mild) NBS 35 35 (100) 0(0) MoD: OR,=9.04, 95 % CI
Selective 30 27 (90) 3 (10) [0.83;1234.58], p=0.075
LR (df=1)=1.24, p=0.266
IVA (w/o IVA mild) NBS 25 25 (100) 0(0) MoD: OR,=6.49, 95 % CI
Selective 30 27 (90) 3 (10) [0.59;889.22], p=0.141 LR
(df=1)=1.23,p=0.267
GAl NBS 51 36 (71) 15 (29) MoD: OR,=3.38, 95 % CI
Selective 78 40 (51) 38 (49) [1.47;8.09], p=0.004 LR

(df=1)=4.23, p=0.040

T According to Firth’s bias reduced logistic regression approach with penalized profile likelihood based confidence intervals for parameter estimates
(Heinze and Schemper 2002; Heinze et al 2013); CI, confidence interval; MoD, mode of diagnosis; LR, penalized likelihood ratio test for comparison of
nested models (Heinze et al 2013); NBS, newborn screening; OR, odds ratio (reference group: NBS, reference category: normal development); OR,, age-
adjusted OR (if LR was significant); OR,, unadjusted OR (if LR was not significant); Selective, selective screening. Age distribution is specified in

Suppl. Table 4

(n=98) including those identified by NBS (n=38), results
should be regarded as preliminary. ORs showed shifts towards
improved cognitive outcome in the NBS group of IVA and
GAL1 patients compared with the selective screening group

Table 4 Movement disorder

@ Springer

(IVA: 92 % for NBS versus 64 % for selective screening
group; GA1: 86 % versus 73 % for selective screening group).
This shift, however, did not reach significance for IVA (n=23
test results; OR=0.22, 95 % CI1[0.02;1.49], p=0.123) or GA1

Disease MoD Totaln NoMDn (%) MDn (%) OR from logistic regression’
with covariate age*
MMA- NBS 31 28 (90) 3 (10) MoD: OR,=5.20, 95 % CI [1.72;20.76],
Cbl” Selective 67 41 (61) 26 (39) p=0.002 LR (df=1)=0.03, p=0.862
MMA- NBS 7 7 (100) 0 (0) MoD: OR,=4.33, 95 % CI
Cbl" Selective 28 22 (79) 6(21) [0.42;590.22], p=0.256 LR
(df=1)=0.05, p=0.820
PA NBS 40 31 (78) 9(23) MoD: OR,,=2.02, 95 % CI [0.86;5.01],
Selective 69 43 (62) 26 (38) p=0.106 LR (df=1)=0.36, p=0.547
IVA NBS 33 31 (94) 2 (6) MoD: OR,=2.72, 95 % CI [0.60;16.16],
Selective 30 25 (83) 5(17) p=0.199 LR (df=1)=1.18, p=0.278
GAl NBS 57 42 (74) 15 (26) MoD: OR,=7.22,95 % CI [3.50;15.59],
Selective 88 24 (27) 64 (73) p<0.001 LR (df=1)=0.73, p=0.394

 According to Firth’s bias reduced logistic regression approach with penalized profile likelihood based confi-
dence intervals for parameter estimates (Heinze and Schemper 2002; Heinze et al 2013); *age at first time of MD
for those with MD and age at last regular visit for those without MD; CI, confidence interval; LR, penalized
likelihood ratio test for comparison of models (Heinze et al 2013); MoD, mode of diagnosis; MD, movement
disorder; NBS, newbomn screening; OR, Odds ratio (reference group: NBS, reference category: no MD); OR,,
unadjusted OR (if LR was not significant); Selective, selective screening. Age distribution is specified in Suppl.

Table 5
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Table 5 Dietary management of OAD patients receiving calculated diet (maintenance treatment)
Disease  Patients n Natural protein, median in %WHO*(n)  Total protein, median in %WHO* (n) Calories, median in %FAO** (n)

Total  EO LO EOvs.LOt Total  EO LO EOvs.LOt Total  EO LO EO vs. LO*
MMA-Cbl-. 117 92 (96) 83 (46) 93(37) p=0.281 140 (97) 135(47) 154 (37) p=0.121 107 (86) 104 (41) 114 (34) p=0.067
MMA-Cbl+ 47 114(31) 95(7) 114(16) p=0.262 132(31) 163(7) 124(16) p=0316 90 (24) 80(5) 94(13) p=0178
PA 144 87(108) 77(66) 100 (34) p=0.003 131(108) 119(66) 143 (34) p=0016 98(102) 93(62) 110(32) p=0.027
IVA 83 98(35)  95(14) 103 (15) p=0.480 144 (36) 144 (14) 135(15) p=0489 95(22)  85(11) 92(8)  p=0.750
GAl 176 104 (111) 97(3) 106 (83) p=0.673 171 (114) 97(3)  187(86) p=0.033 108 (74) 122(2) 110(54) p=0.652
Total 567 98 (381) 82(136) 105 (185) p<0.001 143 (386) 128 (137) 154 (188) p<0.001 103 (308) 96 (121) 108 (141) p=0.011

*According to WHO safe values (2007); **according to FAO (2001); for adults a physical activity level (PAL) of 1.76 according to table 5.1 in FAO
(2001) was taken, which is equivalent to the mean PAL of an active or moderately active life style; this life style is in between the extreme lifestyles
“sedentary or light activity lifestyle” and “vigorous and vigorously active lifestyle”; T randomized median test for age at diagnosis, based on 100,000
permutations; EO, early onset; LO, late onset. Patients who solely avoided excess protein intake were excluded from the analysis since the exact protein

and caloric intake was unknown. For descriptive statistical information including median, mean, minimum, maximum, interquartile range see Suppl.

Table 9

patients (n=38 test results; OR=0.46, 95 % CI [0.09;2.22],
p=0.330).

As with 1Q, the evaluation of renal and cardiac mani-
festations did not convincingly show a positive effect of
NBS (Suppl. Tables 6 and 7). For MMA-Cbl ™ patients we
observed a statistical trend (p=0.091) for patients identi-
fied by NBS to show a lower probability of chronic renal
failure than those in the selective screening group. For PA
patients there was a significant interaction between mode
of diagnosis and age on the probability of cardiac mani-
festation, with only patients in the selective screening
group showing a higher risk for cardiac manifestation
with increasing age (Suppl. Table 7, Suppl. Fig. 2).
These results need to be re-evaluated in a larger sample.

Metabolic treatment of OADs

Age at onset of first symptoms and age at diagnosis are
two factors influencing the above described health out-
comes of OAD patients. Treatment is the third important
modulator of disease course. In the statistical analysis we
took into consideration the potential confounder that

Table 6 Pharmacotherapy (maintenance treatment)

patients with a more severe disease course are likely to
receive more intensive treatment than those with a less
severe phenotype.

The basis of metabolic therapy of OAD patients is di-
etary restriction of precursor amino acids of toxic metab-
olites. The majority of OAD patients either received a
prescribed low protein diet (404/567; 71 %) or simply
avoided protein-rich foods (57/567; 10 %) for mainte-
nance treatment. Almost half of the patients (n=266;
47 %) received synthetic AAMs, and 131 patients
(23 %) were tube fed. EO patients were more likely to
receive a prescribed diet (MMA-Cbl and PA), AAMs
(MMA Cbl", PA and IVA) and tube feeding (MMA
Cbl", MMA Cbl", PA and GAIl) than LO patients,
reflecting a higher disease severity in the EO group
resulting in low protein tolerance and feeding difficulties
(Suppl. Table 8). In line with this, EO and LO groups also
differed in the composition of their diet. Overall, LO pa-
tients received higher amounts of natural protein, total
protein and calories than EO patients. This effect was
most pronounced for PA patients. Interestingly, median
natural protein intake of LO patients was almost identical

Disease All patients  Patients with medication Carnitine Glycine Vitamin B12 Vitamin B2 Sodium benzoate Arginine Metronidazole
and/or colistin
n n n n n n n n n
MMA-Cbl™ 117 95 92 n/a 19 n/a 4 2 34
MMA-Cbl™ 47 34 33 n/a 24 n/a n/a n/a 7
PA 144 118 117 n/a n/a 8 11 56
IVA 83 65 65 37 n/a n/a n/a 0
GAl 176 142 142 n/a 35 n/a n/a n/a
Total 567 454 449 37 48 35 12 13 97

Vitamin B12, hydroxocobalamin and/or cyanocobalamin; n/a, not applicable
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to the minimum safe values of the World Health TE’ g§= %Dé)*g
Organization (WHO) 2007 recommendation, whereas re- 5;“5) 3 g é g o
ported natural protein intake for EO patients was below :19 ’Ea;fo e ==t *g E <o
this level. Addition of AAMs increased the total protein ﬁé “g E HoH g = ér: E i @ & §
intake beyond safe values for the majority of OAD pa- i.ﬁ SET T gg’gi
tients (Table 5; Suppl. Table 9). ks % S& = %
In total, 454 (80 %) of 567 OAD patients received g? ggg 2
specific drug treatment (Table 6). The most frequently é—g g = g § E i—‘? qél’
used medication was carnitine (449/567 patients, 80 %) © = = &= 82 E
which was used alone (all OADs) or in combination with §= g % é’g
glycine (IVA only). Cofactor treatment with hydroxy- or e § = = o % : o} 3
f:yanocobalamin (MMA) and riboflavin (GA1) was given [‘:’Gfo % D § g @ fﬁ, ,é“ § 5 é
if cofactor +responsiveness was reported to be confirmed 8 ;; E c83%8¢C 5 g 3,:‘ §
(MMA-CblI") or suggested (GA1). Notably, only half of § o g E 0%
MMA-CbI" patients, but 20 of 95 patients with MMA- g 3 o % 3 é g
Cbl received cobalamin supplementation. Oral metroni- g Eg % -~ = D gé E g
dazole was used in PA (n=56/144) and MMA patients E" S g g % . E . % 5 §§ é
(n=41/164 patients) with the aim to reduce the intestinal 2lagse | 8§22 228]7F 28E
preload of propionate and ammonia. The nitrogen scaven- L2 % é 8 §
ger sodium benzoate (MMA and PA, n=12 patients) and US) -.‘;“ *% 2= g s 8 g §§ z =
arginine supplementation (n=13, mostly PA, with the aim 5 <3G 5 § § 5 5 ;35 § E ig
of stimulating carbamylphosphate synthetase 1) were only g & i;ﬂ g
sporadically used. Carbamylglutamate, a licensed drug for 3 <5 % £
the treatment of hyperammonemia in MMA, PA and IVA, =% s 8 & % § % :é
was used for maintenance treatment in a single MMA éﬁﬁ E D :vr & % % 5 %% E
patient only. Allopurinol was used to treat hyperuricemia =2 SeseSs g é ;*%
in MMA patients with chronic renal failure. So far six E» o % % : g g
MMA patients who underwent kidney transplantation %.é*% -~ T gg ggg\%:é
and one PA patient with liver transplantation have been E—“, gz - ° D = ) E g %D@'; §
reported (data not shown). FESE e e =8 % g § £
Emergency treatment was documented for 271 emer- E = g £ ;
gency visits of 92 OAD patients, with highest frequencies Eei % ;-3 'gn g
for PA, GA1l and MMA-Cbl patients (Table 7; Suppl. gé % = g 6? g éngfg %
Table 10). Since emergency treatment is highly g = §§ 2 2 5 § ‘:’ = | Ee f’;
individualised on a day-to-day basis, we only evaluated S| » ) g %D%:
the first day of emergency treatment, assuming that the g § < 5= Z % 4 %
initial emergency treatment best reflects centre-specific § E"g é *& 5 & _.2o4 ':% E 5 &
standard protocols. As expected, emergency treatment ‘E; é@ 3 § =3 z % ff S’ 5= % g
followed a similar pattern for all OADs: natural protein Aloz=3d | =3 ===2 é Eg ]
was strictly reduced or transiently withheld, AAMs were ‘E = é g %ﬁ ;
continued (if used for maintenance treatment) in GA1l as %""q‘; 2 E ;E
recommended in the guideline, whereas carbohydrate in- =| & é T oe=-=9 & E é), 23
take and carnitine supplementation was increased. ? = - '—%D:E é Z
Continuation of AAMs during emergency treatment in é R g E P i
MMA-Cbl and PA patients was less consistent among E % ?ﬁ é % § E‘g
patients and centres: the current guideline for MMA and E|Z % § e w.aa|2EEE
PA does not recommend continuation of AAMs in B < cToEes g; g%lf
hyperammonemic patients (Baumgartner et al 2014). ? 2 ?é:i %_‘%
Despite increased carbohydrates, caloric intake was often %D 2 S e ¥ el 88 ; §
below age-adjusted energy recommendations (Food and i = SEsREs §:g g
Agricultural Organization 2001). Pharmacological treat- N g % Z ég g
ment of hyperammonemia using sodium benzoate, argi- = g << - = % <Oz 2 §
nine and—sporadically—carbamylglutamate was used S| A § § £ E S E g Z; :i _§
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for PA patients (n=3) and in one MMA-Cbl patient.
Extracorporeal detoxification was reported for a single
emergency episode (after the initial presentation) in a pa-
tient with MMA-Cbl".

Impact of therapy on the disease course

To investigate whether a specific metabolic treatment reg-
imen was more effective than others to improve the health
outcomes of OAD patients, we used recursive
partitioning. This statistical procedure was chosen to iden-
tify predictors that are useful to make clinical decisions in
OADs because this method can handle numerical data that
are highly skewed or multimodal, as well as categorical
predictors with either ordinal or categorical structure.
Correlating independent variables were selectively ex-
cluded from the analysis to reduce co-linearity (Suppl.
Table 11). Patients detected by NBS, selective screening,
prenatal screening or high-risk family screening, the latter
diagnosed during the neonatal period and being asymp-
tomatic at last visit, were included in this analysis. “Motor
abnormality” was used as the superordinate dependent
variable, subsuming four single motor variables because
they were highly correlated (Suppl. Table 12). Recursive
partitioning did not discriminate a special beneficial treat-
ment form. This result does not mean that metabolic

Fig. 1 Effect of type of onset and
diagnostic mode on the
neurological outcome (all organic
acidurias) after recursive
partitioning. Motor abnormality
was used as superordinate
dependent variable subsuming
four single motor variables
(muscular hypotonia, abnormal
gross and fine motor
development, movement
disorders). Percentages for “yes”
refers to the proportion of patients
with motor abnormality. Note that
patients with transient e
developmental delay of motor
functions were assigned to the

asymptomatic group (n=4; 7 %)

since they were asymptomatic at

the last reported visit. Similar | A

results of recursive partitioning
were obtained for classic organic
acidurias (i.e. excluding glutaric
aciduria type 1) and single
organic acidurias (not shown).
EO, early onset (i.e. during the
newborn period); LO, late onset
(i.e. after the newborn period);
NBS, newborn screening

Asymptomatic

(n=58)

7% M

41% M

48% M

NBS or
Prenatal Testing
(n=106)

treatment is not effective at all, but that we found no
evidence that any of the treatment regimens used was
superior to others. However, mode of diagnosis and onset
type had much stronger effects than any of the single and
combined therapeutic interventions (Fig. 1). Analysis for
classic OADs (i.e. excluding GA1 patients) and for single
OADs revelead similar patterns (data not shown).

Discussion
Newborn screening reduces the time to diagnosis

Patients with OADs carry a life-long risk of cerebral and
extracerebral disease manifestations (Griinert et al 2013;
Horster et al 2007; Kolker et al 2006; Nicolaides et al
1998; Pena et al 2012; Prada et al 2011; Schreiber et al
2012). The aim of NBS programmes is to prevent irre-
versible organ damage and death by allowing treatment
to be started, ideally, before the onset of symptoms.
Screening panels of existing NBS programmes vary from
one to over 20 inherited metabolic diseases and currently
there is no international harmonisation. Benefit and cost
effectiveness of NBS have been studied for some OADs
(Dionisi-Vici et al 2006; Heringer et al 2010; Kolker et al
2007; Pfeil et al 2013; Wilcken 2010). This present study

Dependent variable: Motor abnormality (M)

All OAD study patients
(n=428)

Early Onset or
Late Onset

(n=370)

Selective Screening

(n=264)

55% M

61% M
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includes 180 patients identified by NBS, the largest NBS
sample of OADs studied so far. We clearly demonstrate
that NBS reduces the age at diagnosis for all OADs, in
particular for LO patients. Statistical modelling of the se-
lective screening group showed that 77 % of OAD pa-
tients remained asymptomatic at day 5 and 73 % at day
8. Major arguments against the inclusion of classic OADs
to NBS programmes are low specificity of
propionylcarnitine as screening parameter for MMA and
PA and the early onset of symptoms. However, our results
indicate that a significant proportion of OAD patients
could have been identified by NBS whilst still asymptom-
atic. Interestingly, the percentage of patients who could
have been identified by NBS before the onset of symp-
toms is even higher than in two previously published
studies from smaller patient cohorts with PA (Griinert
et al 2012a) and classic OADs (Dionisi-Vici et al 2006).
However, we cannot exclude a sampling bias due to an
unknown number of OAD patients who might have died
undiagnosed. Our findings provide valuable information
for ongoing discussions about the inclusion of OADs in
existing NBS programmes.

The effect of early diagnosis on health outcomes

The evaluation of the effects of diagnostic and therapeutic
interventions on disease course relies on reliable clinical
endpoints. Whilst GA1 and IVA patients mostly or exclu-
sively present with neurological symptoms during infan-
cy, patients with MMA or PA characteristically show a
combination of symptoms due to multi-organ involvement
which develops over time (Kolker et al 2015b; Mardach
et al 2004; Marquard et al 2011; Martinez Alvarez et al
2015; Pena et al 2012). This is a challenge for the study
design since effects of interventions can be organ- and
age-specific and thus may result in a broad spectrum of
therapeutic benefits being superimposed on a variable nat-
ural disease course. Since neurological symptoms such as
developmental delay and movement disorders are most
commonly found in OAD patients and often manifest ear-
ly in the disease course (Kolker et al 2015b), we mostly
focused on the neurological outcome. In line with previ-
ous studies (Bijarnia et al 2008; Boneh et al 2008;
Heringer et al 2010, 2015; Kolker et al 2007; Strauss
et al 2007; Viau et al 2012), we showed that NBS im-
proves the neurological outcome in GAl patients.
Similarly, NBS reduces the occurrence of movement dis-
orders, and increases normal motor development in
MMA-Cbl™ patients (n=31). This supports the prelimi-
nary findings of a previous report providing evidence for
improved neurological outcome and mortality in OAD
patients including four MMA patients identified by NBS
(Dionisi-Vici et al 2006). For IVA patients, a tendency
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towards improved achievement of motor milestones was
found in the NBS group. However, this disappeared when
patients with predicted mild phenotype were excluded
from the analysis (p=0.141). Overall, the neurological
outcome of IVA patients was relatively good in the selec-
tive screening group and even better than previously re-
ported for symptomatic IVA patients (Griinert et al
2012a). For PA and MMA-Cbl" patients, neurological
outcome was not improved by NBS compared to the se-
lective screening group. The negative result for PA pa-
tients is in line with a previous report (Griinert et al
2012b).

The effect of NBS on cognitive development could not be
evaluated with appropriate strength since psychological test
results have so far been reported for only small groups of
patients. This is a real shortcoming since impaired
neurocognitive development is often found in patients with
classic OADs, particularly in PA and MMA-Cbl (De
Baulny et al 2005; Dionisi-Vici et al 2006; Griinert et al
2012a, 2013; Horster et al 2007, 2009; Nicolaides et al
1998; Nizon et al 2013; Schreiber et al 2012).

It was less clear whether extracerebral disease manifes-
tation, in particular chronic renal failure and cardiac man-
ifestation (prolonged QT, interval, cardiomyopathy), were
influenced by early diagnosis in patients with classic
OADs. In line with previous studies, cardiac manifesta-
tions were most often found in PA patients and renal
manifestation in MMA-Cbl™ patients (Griinert et al
2013; Horster et al 2007; Kolker et al 2015b; Romano
et al 2010). However, we found no difference between
patients with MMA-Cbl™ identified by NBS versus selec-
tive screening, whereas PA patients identified by NBS
showed significantly lower risk of progressive cardiac dis-
ease than those identified by selective screening. Since
OAD patients in the E-IMD sample have a median age
of 8.3 years (interquartile range: 3.9-14.1 years) and
extracerebral disease manifestation may not appear before
adolescence or adulthood, it remains to be seen whether
NBS has a protective effect on these and other late organ
manifestations in older cohorts of OAD patients.

Diagnostic mode and onset type are more important than
the effects of treatment on health outcomes

Early diagnosis is a prerequisite for early therapeutic interven-
tion. A combination of low protein diet, adequate caloric in-
take and cofactor (in responsive patients) and drug treatment is
usually applied in OAD patients with the aim of reducing or
preventing the accumulation of toxic metabolites, metabolic
decompensations and long-term complications. During inter-
current illness, and other events that might trigger catabolism,
emergency treatment with transient intensification of the
above mentioned therapies is recommended (Baumgartner
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et al 2014; Kolker et al 2011; Sutton et al 2012). Although
adherence to evidence-based recommendations was shown to
improve the neurological outcome in GA1 patients (Heringer
et al 2010; Kolker et al 2012; Strauss et al 2011), this has not
yet been studied for classic OADs. Furthermore, late onset of
symptoms could still appear in patients with classic OADs
thought to have been “metabolically stable” for years
(Kolker et al 2015b, Mardach et al 2011, Martinez Alvarez
et al 2015; Pena et al 2012).

Dietary management in the E-IMD sample was mostly
in line with current recommendations for OADs
(Baumgartner et al 2014; Kolker et al 2011; Sutton
et al 2012). As expected, differences in the disease se-
verity between EO and LO patients were reflected in a
higher intake of natural protein, total protein and calories
in the LO group. This effect was most pronounced for
PA patients. Notably, for EO patients a total protein in-
take above WHO minimum safe values was often
achieved only when AAMs were administered. For emer-
gency treatment, EO and LO patients were treated simi-
larly. Transiently reducing or stopping natural protein,
continuing AAMs (in MMA Cbl, PA and GAl) and
increasing carbohydrate intake was the most common
dietary management—except for MMA-Cbl" patients
who followed a more relaxed emergency regime due to
cofactor responsiveness. Of note, continuation of AAMs
is in line with guideline recommendations for GA1 but in
disagreement with recommendations for MMA and PA
(Baumgartner et al 2014; Kolker et al 2011).
Continuation of AAMs in MMA and PA is thought to
increase the risk of hyperammonemia. Despite an overall
increase of carbohydrates to 149 % of those recommend-
ed in the guidelines, this did not result in an increase in
the total amount of calories during the first day of emer-
gency treatment. In fact, caloric intake was below (88 %)
the FAO recommendations (FAO 2001) indicating that
carbohydrates were used as the major or even the sole
energy source. This is in disagreement with the recently
published guideline for MMA and PA which recom-
mends early implementation of intravenous lipids
(Baumgartner et al 2014). This discrepancy might reflect
the uncertainty of metabolic specialists about the use of
intravenous lipids in ketoacidotic patients with PA and
MMA. Future investigations of the E-IMD sample will
evaluate whether the recently published guideline recom-
mendations for MMA and PA help to harmonise emer-
gency treatment.

To improve removal of toxic acyl-CoA, carnitine (all
OADs) and glycine (IVA) were administered as expect-
ed. Furthermore, oral antibiotics (metronidazole, colis-
tin), sodium benzoate and arginine (given less often)
and carbamylglutamate (given only in a single MMA
patient) were used to prevent hyperammonemia.

Interestingly, cofactor treatment such as hydroxy- or cy-
anocobalamin in MMA-Cbl" patients was not only used
for patients with explicit cofactor responsiveness, but
was sometimes administered to patients with unproven
cofactor responsiveness (e.g. hydroxy- or cyanocobala-
min in MMA-Cbl™ or riboflavin in GA1). The rationale
for this treatment remains unclear. On the other hand,
only 25 of 47 MMA-Cbl" patients received cofactor
treatment, which might reflect limited availability of this
drug, patient refusal or discontinuation of intramuscular
or subcutaneous administration. Among the MMA-Cbl*
patients who did not receive cobalamin seven patients
were classified as mut , nine as cblA, three as cblB and
two remained unclassified. During emergency treatment,
carnitine supplementation was often increased to facili-
tate the detoxification of toxic acyl-CoA and to prevent
carnitine depletion, and sodium benzoate and arginine
(mostly PA) were used to treat hyperammonemia. In
contrast, carbamylglutamate, which is licensed for the
treatment of hyperammonemia in classic OADs, was
only sporadically used in PA (n=3) and MMA patients
(n=1).

A further in-depth analysis on the impact and superior-
ity of specific therapeutic protocols on the outcome of
OAD patients was not possible for at least two reasons:
firstly, the mode of diagnosis and type of onset had strong
effects on outcome so that any small to moderate effect
resulting from different treatment protocols was likely to
have been overshadowed. Secondly, various combinations
and doses of drugs and cofactor treatment were used for
metabolic maintenance treatment in MMA-Cbl™ (n=12
combinations), MMA-Cbl" (n=8 combinations), PA (n=
13), IVA (n=2) and GA1 (n=4) patients resulting in small
group sizes and consequently low statistical power. In
addition, national health systems differ between countries
and are changing over time. Although these infrastructure
differences are likely to influence outcomes, their true
impact on individual patients with rare diseases like
OADs is difficult to assess. It is important to note that
these results do not question the evidence of existing
guidelines and recommendations at all, nor was it an
aim of this study to evaluate these recommendations.

Observational studies do not reduce existing variability;
they document the status of current practice. However, since
guidelines for MMA, PA and GA1 have been published dur-
ing the course of the E-IMD project, the use of these evidence-
based recommendations may reduce therapeutic variability in
the future. Prospective follow-up of the E-IMD patient cohort
and evaluating the long-term outcome of patients whose treat-
ment is in agreement with current recommendations will lead
to a better understanding of the effect of therapeutic interven-
tions. However, the impact of non-interventional variables
needs to be carefully considered.
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Conclusions

NBS shortens the diagnostic process, in particular for LO
patients, and improves the neurologic outcome and motor de-
velopment in particular for GA1 and MMA-Cbl ™ patients. The
impact of NBS on visceral disease manifestation needs further
attention. Since the mode of diagnosis and the type of onset
have strong effects on the disease course, the identification of
the most effective treatment strategy (if any) is an important
goal for future research.
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