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ABSTRACT
Cystathionine β-synthase (CBS) deficiency (classical homocystinuria) has a wide range of severity. Mildly affected patients typ-
ically present as adults with thromboembolism and respond to treatment with pyridoxine. Severely affected patients usually 
present during childhood with learning difficulties, ectopia lentis and skeletal abnormalities; they are pyridoxine non-responders 
(NR) or partial responders (PR) and require treatment with a low-methionine diet and/or betaine. The European network and 
registry for Homocystinurias and methylation Defects (E-HOD) has published management guidelines for CBS deficiency and 
recommended keeping plasma total homocysteine (tHcy) concentrations below 100 μmol/L. We have now analysed data from 
311 patients in the registry to see how closely treatment follows the guidelines. Pyridoxine-responsive patients generally achieved 
tHcy concentrations below 50 μmol/L, but many NRs and PRs had a mean tHcy considerably above 100 μmol/L. Most NRs were 
managed with betaine and a special diet. This usually involved severe protein restriction and a methionine-free amino acid 
mixture, but some patients had a natural protein intake substantially above the WHO safe minimum. Work is needed on the me-
thionine content of dietary protein as estimates vary widely. Contrary to the guidelines, most NRs were on pyridoxine, sometimes 
at dangerously high doses. tHcy concentrations were similar in groups prescribed high or low betaine doses and natural protein 
intakes. High tHcy levels were probably often due to poor compliance. Comparing time-to-event graphs for NR patients detected 
by newborn screening and those ascertained clinically showed that treatment could prevent thromboembolism (risk ratio 0.073) 
and lens dislocation (risk ratio 0.069).
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1   |   Introduction

Cystathionine β-synthase (CBS) deficiency is a rare autoso-
mal recessive disorder also known as classical homocystinuria 
(OMIM 236200). Homocysteine is a non-structural amino acid 
formed during the catabolism of methionine, an essential amino 
acid. CBS (EC 4.2.1.22) converts homocysteine to cystathionine, 
which can then be converted to the non-essential amino acid, 
cysteine, by γ-cystathionase.

The main clinical features of CBS deficiency are dislocation of 
the optic lenses, osteoporosis and a ‘marfanoid’ habitus, learning 
difficulties and a predisposition to thromboembolism. The se-
verity of the condition varies markedly [1, 2]. Some patients have 
a severe childhood-onset multisystem disease, whilst others 
only suffer thromboses as adults or may remain asymptomatic 
throughout life [3]. The pathogenesis is incompletely understood 
[4], but hyperhomocysteinemia and cysteine deficiency contrib-
ute through direct toxicity, induction of N-homocysteinylation 
of lysine residues, mitochondrial fission and altered synthesis of 
hydrogen sulphide and glutathione [5–8].

The three main forms of treatment for CBS deficiency are pyri-
doxine, betaine and a low-methionine diet (i.e., low-protein with 
a methionine-free amino acid supplement). Approximately 50% 
of CBS-deficient patients respond to treatment with pyridoxine 
(vitamin B6) [1]. This is thought to act by increasing the concen-
tration of pyridoxal 5′-phosphate, which is a cofactor for CBS 
and probably acts as a chaperone for the nascent enzyme [9]. We 
have described a standardised test for pyridoxine responsive-
ness [10] and categorised patients as pyridoxine non-responders 
(NRs), partial responders (PRs), whose plasma total homocyste-
ine concentration (tHcy) falls by more than 20% on pyridoxine 
but remains above 50 μmol/L, full responders (FRs), whose tHcy 
falls below 50 μmol/L and extreme responders (ERs), whose 
tHcy falls below 50 μmol/L on less than 1 mg/kg/day of pyridox-
ine [2].

Patients who do not respond to pyridoxine (or only respond 
partially) are treated with a special diet and/or betaine. Betaine 
(N,N,N-trimethylglycine) lowers homocysteine concentrations 
in CBS deficiency by donating a methyl group and converting it 
to methionine. Betaine treatment raises the methionine concen-
tration and very high levels have been associated with cerebral 
oedema [11]. The standard dietary management is to restrict 
natural protein severely and to give a methionine-free amino 
acid mixture (AAM; which usually also contains vitamins and 
minerals). Strict dietary management is, however, difficult 
and the AAMs are unpalatable. Some patients are, therefore, 
managed with a milder protein restriction (with or without an 
AAM), combined with betaine.

Newborn screening (NBS) allows CBS-deficient patients to be 
treated before they suffer complications; moreover, it is easier to 
start dietary treatment in infants than in older individuals. NBS 
has been undertaken in Dublin since 1971 and is now done in a 
number of countries using various methods [12–15]. Methionine 
or methionine-to-phenylalanine ratio has typically been the pri-
mary marker with second-tier testing of tHcy. Unfortunately, 
this misses almost all pyridoxine-responsive patients and some 
NRs [2, 13–15].

The European network and registry for Homocystinurias and 
methylation Defects (E-HOD) started as an EU-funded project 
in 2013, but it is now an international consortium involving 70 
centres from all over the world. E-HOD members have developed 
evidence-based guidelines for the diagnosis and management 
of CBS deficiency [10]. A review of an Irish NBS-detected co-
hort found no complications in patients whose lifetime median 
plasma free homocystine was no more than 11 μmol/L [16]. This 
corresponds to a plasma tHcy concentration of approximately 
120 μmol/L but we recommended keeping it below 100 μmol/L.

E-HOD has also established a web-based registry (https://​www.​
ehod-​regis​try.​org/​about​-​ehod), with comprehensive pseudony-
mised data about patients' clinical and biochemical features and 
treatment, managed by the registry study team at Heidelberg 
University Hospital. Data from the registry has previously been 
used to review the natural history of CBS deficiency [2] and to 
evaluate the safety of betaine anhydrous treatment in individ-
uals with CBS deficiency and other forms of homocystinuria 
[17]. In this study, we have analysed the registry data to see how 
closely current practice follows the published guidelines and 
whether the biochemical results meet the recommended target 
levels. Finally, we have used the registry data to look for evi-
dence that treatment improves clinical outcomes.

2   |   Subjects and Methods

2.1   |   Subjects, Ethical Issues and E-HOD Registry

Information about the E-HOD registry, patient recruitment and 
phenotypes has been published previously [2]. The registry was 
approved by the Ethics Committee of Heidelberg University 
Hospital (No S-525/2010; 14 March 2013) and all participating 
centres received approval from their local ethics committees be-
fore enrolling patients. All patients provided written informed 
consent before pseudonymised data were entered into the reg-
istry. In 2017, the participating centres were asked for permis-
sion to use the data of the CBS-deficient patients for analysis 
and publication, and the project was approved by the E-HOD 
Steering Committee. Analysis of data and publication of re-
sults was also approved by the Ethics Committee of the General 
University Hospital in Prague (No 417/20S-IV).

2.2   |   Definition of Pyridoxine Responsiveness 
and Dietary Treatment

Degrees of pyridoxine responsiveness were defined and assessed 
as reported previously [2].

The contributing centres have judged whether each patient was 
on dietary treatment; we have also reported their intake of nat-
ural protein and AAMs.

2.3   |   Data Verification and Inclusion

Data from the registry were extracted on 28 February 2019 and 
initial verification was undertaken as described previously [2]. 
Data on treatment relate to what was prescribed and have been 
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retained even if the biochemical results suggest poor compli-
ance. In February 2022, 20 centres were asked to supply missing 
data or to review outlying data concerning the treatment of 35 
patients. Answers were received for all except one patient, for 
whom the original data were retained (the reported natural pro-
tein intake at one visit was low but not impossible at 0.33 g/kg/
day with no AAM in a 34-year-old).

When data were extracted, the registry held information for 
892 visits by 328 patients. Patients and visits were excluded 
from analysis if essential data (e.g., age and mode of diagnosis) 
could not be obtained. The reasons for exclusion are shown in 
Table S1. Emergency visits and those within 3 months of diagno-
sis were excluded because they did not provide valid information 
about treatment. The final analyses in this study were based on 
834 scheduled visits by 311 patients.

Plasma tHcy and methionine concentrations in 12 patients (28 
patient visits) were estimated from values in dried blood spots 
using published correlation equations [18].

2.4   |   Statistical Analysis

Continuous variables are presented as medians with full range 
and/or interquartile range (IQR). Categorical variables are 
shown in absolute and relative frequencies. Differences between 
responsiveness groups were assessed using Kruskal–Wallis 
non-parametric ANOVA for continuous variables and χ2 test or 
Fisher's exact test for categorical variables.

The clinical efficacy of early treatment based on NBS was ex-
plored among NRs. Kaplan–Meier time-to-event graphs were 
constructed for lens dislocation event and the first thrombo-
embolic event, comparing the NBS group with (1) the clinically 
ascertained group censored at the time of diagnosis (i.e., the 
natural course of the disease) and with (2) this group until the 
last visit (i.e., the outcome with delayed treatment). Log rank 
tests were used for the p value calculation. Note that clinically 
ascertained patients were censored at the time of diagnosis if 
lens dislocation or a thromboembolic event had already oc-
curred because data for the exact timing of the events were not 
available. The NBS and clinically ascertained groups were also 
compared using an epidemiological approach, calculating the 
rate of events in ‘patient years’ of follow-up (either to the time of 
diagnosis or until the last visit) and testing for differences using 
the mid p exact method.

Statistical language and environment R, version 4.3.2 was used 
throughout the analysis, both for testing and figure creation. 
The level of statistical significance was set at 0.05.

3   |   Results

3.1   |   Study Population

This study involved 311 subjects with CBS deficiency from the 
E-HOD registry. Data on the patients' age and mode of diagnosis, 
ethnicity, pyridoxine responsiveness and duration of treatment 
are summarised in Tables S2 and S3. Some patients (13%) were 

identified by NBS but most were clinically ascertained because 
of symptoms (selective screening, 71%) or family history (15%). 
Most patients (61%) were NRs, 20% PRs, 12% FRs and 6% ERs.

3.2   |   Pharmacological and Dietary Treatment 
Practice

The three main forms of treatment for CBS deficiency are pyr-
idoxine, betaine and a special diet (generally low-methionine). 
Table 1 shows the number of patients who were managed with 
each form of treatment at any stage whilst in the registry, exclud-
ing the first 3 months after diagnosis (when patients had trials of 
pyridoxine responsiveness).

Figure 1 shows the combinations of treatments used in patients 
detected by NBS and in those ascertained clinically, separated 
according to their response to pyridoxine. Most NBS, NR and PR 
patients were on dietary treatment (with or without an AAM) 
and betaine, whereas very few FRs or ERs were on either. Eight 
PRs and six NR patients were on neither betaine nor dietary 
treatment; for seven of the PRs, the tHcy concentrations indi-
cated that they did not need additional treatment; two of the 
NRs had recently completed trials of pyridoxine responsiveness 
and one had been lost to follow-up; it is unclear why the others 
were not on treatment.

Figure  S1 shows the use of diet and betaine in different age 
groups for patients who are not fully pyridoxine responsive. 
Almost all the patients aged less than 16 years were on a spe-
cial diet (with or without betaine) but a number of older patients 
were on a normal diet. PR patients aged over 32 years were the 
only group with most patients off dietary treatment.

Table S4 shows other treatments given in addition to pyridoxine, 
betaine or a special diet. Most patients (85%) were prescribed 
some form of folate and 47% received some form of vitamin 
B12. Folic acid supplements have been recommended for all pa-
tients with CBS deficiency, with B12 supplements if patients are 
deficient [10]. Acetylsalicylic acid was prescribed for 21% of the 
entire cohort, presumably because they had suffered thrombo-
embolism or were considered at risk. l-Cystine was prescribed 
for about a quarter of NR patients and a smaller proportion of PR 
patients, usually together with an AAM.

3.3   |   Treatment With Pyridoxine

Pyridoxine was prescribed for all the patients who showed a re-
sponse. It was also prescribed for most NR patients. Doses were 
lowest for ER patients (who were defined as achieving tHcy 
< 50 μmol/L on < 1 mg/kg/day pyridoxine) and lower for FR pa-
tients than for PR or NR patients (Figure 2). Doses above 500 mg/
day were prescribed in the long term for 35 patients; a further 13 
patients were on doses above 10 mg/kg/day but below 500 mg/day.

3.4   |   Treatment With Betaine

Betaine was prescribed for most NRs and PRs; some of the data 
have been reported previously [17]. No patients were prescribed 
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FIGURE 1    |    Venn diagrams showing the treatment modalities used in different groups (NBS, NR, PR, FR and ER). One NR and one ER patient 
were on no treatment when data were entered into the registry (not included in Venn diagrams).

FIGURE 2    |    Pyridoxine doses for patients in different groups. For each individual the dose is expressed in mg/kg/day and is the mean of the values 
at different visits. In the NBS group, partial pyridoxine responders are represented by X and non-responders by a dot.
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doses above 18 g/day, but 11 patients received doses above 200 mg/
kg/day; all of these were also on dietary methionine restriction 
and their highest methionine concentration was 608 μmol/L.

3.5   |   Dietary Treatment

Table 1 shows the intake of natural protein, AAM (protein equiv-
alent) and total protein (natural + AAM) for patients treated with 
a special diet. To compare patients of different ages, the mean 
protein intake has been calculated for each patient as a percent-
age of the age-appropriate WHO (minimum) safe protein intake 
(Table S5). The data are presented graphically in Figure 3. Some 
patients were on more natural protein than the WHO safe protein 
intake but generally still restricted compared to the high-protein 
diet of affluent countries. Most patients on dietary treatment were 
prescribed AAMs, but 41 patients were on diet without an AAM, 
at least temporarily. For 17 of these, the natural protein intake 
was above the WHO safe intake and an AAM was subsequently 
started in 11 of the others. Thirteen patients remained on no AAM 
despite a protein intake less than the WHO recommendation.

Figure S2 shows that the proportion of the total protein intake 
given as AAM varies from 86% to 33% in different centres. For 225 
visits, the centres provided estimates of their patients' methionine 
intake as well as the natural protein intake. We have used these 
data to calculate the methionine content of 100 g dietary protein 
and presented the results in Figure  4. There is wide variation 
within and between the 39 centres that provided these data, unre-
lated to the geographical location.

3.6   |   Biochemical Results

Plasma tHcy concentrations fell with treatment in all groups but 
to different extents (Table  2 and Figure  5). FRs and ERs had 

an extremely good response to treatment: all but four patients 
had a mean plasma tHcy concentration below 50 μmol/L. PRs 
also showed a good biochemical response: 75% of patients had 
a mean plasma tHcy concentration below 100 μmol/L. Results 
were less good for clinically ascertained NRs: almost 50% of pa-
tients had a mean plasma tHcy concentration above 100 μmol/L 
despite treatment, and in 15%, it was above 200 μmol/L. Of the 
patients detected by NBS, 35% had a mean plasma tHcy concen-
tration above 100 μmol/L on treatment, and in 15%, it was above 
200 μmol/L.

Plasma methionine concentrations also fell with treatment. The 
median concentration on treatment was 304 μmol/L for the NR 
group but below 75 μmol/L for all other groups. Methionine con-
centrations above 600 μmol/L were seen in 50 patients (above 
900 μmol/L in 17, of whom 9 were above 1000 μmol/L). All were 
taking betaine except two children with methionine concentra-
tions of 1015 and 1066 μmol/L, who subsequently started dietary 
treatment.

3.7   |   Clinical Outcomes

To assess the clinical efficacy of treatment, time-to-event 
graphs were generated for thromboembolic events and lens dis-
location (Figure 6). The 37 NR patients detected by NBS have 
been compared with the 154 clinically ascertained NRs. For the 
clinically ascertained group, two curves have been constructed, 
one showing the proportion of patients who had not suffered the 
relevant event at the time of diagnosis and one showing the pro-
portion of patients who had not yet suffered the relevant event 
at the last clinic visit; the first shows the natural history with-
out treatment whereas the second reflects a period on treatment 
as well as the period of treatment before diagnosis. Both curves 
are significantly different from the NBS curve for lens disloca-
tion and thromboembolic events. The numbers at risk at 5-year 

FIGURE 3    |    Natural protein consumption and total protein consumption (natural + amino acid mixture) for patients in different groups, expressed 
as a percentage of the WHO safe protein intake. In the NBS group, partial pyridoxine responders are represented by X and non-responders by a dot.
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spaced time points are shown in Table  S6. Epidemiological 
analysis of the data also showed that NBS and early treatment 
significantly delayed or prevented thromboembolism and lens 
dislocation when compared with the natural course of the 
disease or with clinical ascertainment and delayed treatment 
(Table 3). The relative risk of thromboembolism following NBS 
was 0.073 compared with the natural course of the disease; for 
lens dislocation, the relative risk was 0.069 (Table 3).

4   |   Discussion

In 2017, the E-HOD consortium published evidence-based 
guidelines for the diagnosis and management of CBS deficiency 
[10]. Analysis of data in the registry has shown diverse man-
agement that sometimes differs from the guidelines; some data 
were entered before the guidelines were published and it will be 
interesting to see if practice changes in the future. In many pa-
tients, the mean plasma tHcy concentration was above the rec-
ommended target. Nevertheless, the data in the registry show 
that NBS and treatment from infancy greatly improve outcomes.

4.1   |   Biochemical Efficacy of Treatment

Though the plasma tHcy and methionine concentrations fell 
with treatment in all groups of patients, the tHcy concentrations 
fell much lower and more consistently in pyridoxine-responsive 
patients. Some NR patients also achieved tHcy values consis-
tently below 100 μmol/L, but many did not. Almost 50% of clini-
cally ascertained NRs and 35% of patients detected by NBS had a 
mean plasma tHcy concentration above 100 μmol/L, and in 15% 
of both groups, it was above 200 μmol/L, putting them at high 
risk of further complications.

Our findings confirm previous observations that betaine treat-
ment alone seldom achieves target tHcy values in NR patients. 
Of 11 such patients in the registry, 3 had tHcy concentrations of 
114, 122 and 129 μmol/L on single visits, but in the others, the 
mean tHcy ranged from 145 to 312 μmol/L. These 11 patients 
were aged 24–67 years. All younger NR patients were on dietary 
treatment (with or without betaine), as recommended in the 2017 
guidelines.

Though this study cannot assess compliance with treatment, 
variation in biochemical control can provide a surrogate 
marker. For 101 patients, the registry includes tHcy measure-
ments for three or more elective visits whilst on treatment. 
The tHcy ranges for each patient are presented in Figure S3. 
The NBS (including mostly NR subjects), NR, PR, FR and ER 
groups are separated and each patient's treatment is also indi-
cated. For the ERs, the tHcy varies a little. For other groups, 
the tHcy varies little in some patients but a great deal in 
others. Intercurrent illnesses can raise tHcy concentrations 
substantially in NR patients, but they are unlikely to be the ex-
planation as these measurements were all done on elective vis-
its. Issues with compliance are common in many conditions 
that require long-term management but they are particularly 
common in dietary management, which is onerous and has a 
major impact on lifestyle [19].

4.2   |   Clinical Efficacy of Treatment

Despite imperfect biochemical control, treatment with diet ± be-
taine greatly reduces the risk of thromboembolism and lens 
dislocation in NR patients. Figure 6 compares the time to these 
complications in patients ascertained clinically and by NBS. By 
the time of analysis, only one of the 37 patients detected by NBS 

FIGURE 4    |    Estimates of the methionine content of 100 g natural protein from different centres' data. These have been calculated when centres 
provided data for both methionine and natural protein consumption. For each centre, the diamond is the median of the estimates for different pa-
tients, the whiskers show the interquartile range and dots show the maximum and minimum. The colour shows the geographical location of the 
centre.
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had suffered a thrombosis (aged 32 years) and only two had lens 
dislocation (aged 32 and 36 years). For clinically ascertained pa-
tients, these complications occurred much more frequently and 
at a younger age. For each complication, the relative risk in the 
NBS group was 0.07 compared to the risk in the clinically ascer-
tained group censored at diagnosis—that is, the natural course of 
the disease without treatment; the differences were statistically 
significant (Table 3). It has not been possible to examine the ef-
fect of treatment on other clinical features, such as intelligence 
and skeletal problems, as fewer of these data have been entered 
into the registry and there are no clearly defined events.

Few centres undertook NBS for CBS deficiency before 1985. 
The registry only has data for five NBS patients aged 35 years 
or more at the time of analysis; these were all from two centres. 
The conclusions are unchanged, however, even if these patients 
are excluded.

The difference between the time-to-event curves for clinically 
ascertained patients censored at diagnosis and at their latest 
visit shows that treatment reduces the risk of thromboembolic 
events, even if it is not started soon after birth. The difference 

between the curves is much less for lens dislocation, primarily 
because this often occurred before treatment was started—it is 
the commonest symptom leading to diagnosis.

Our results resemble those in previous studies. Yap et  al. [20] 
found far fewer vascular events in a multicentre cohort of 158 
treated patients than expected from the classic natural history 
study of 629 untreated patients [1]; the relative risk was 0.09, 
very similar to our figure of 0.07. Small, single-centre studies 
have shown that treatment from birth can also prevent the other 
complications of CBS deficiency [20, 21]. Like us, these studies 
found that treatment from birth can prevent lens dislocation. 
They also found no intellectual disability or skeletal abnormal-
ities in well-treated patients; the E-HOD registry holds insuffi-
cient data to address these issues.

4.3   |   Risks of Treatment: Pyridoxine

The main concern about treatment with pyridoxine is that pro-
longed high doses can cause peripheral neuropathy. The risk 
is high with doses above 900 mg/day [22, 23], but there are 

FIGURE 5    |    Biochemical efficacy of therapy for patients in different groups. Plasma tHcy and methionine concentrations at diagnosis are com-
pared with the mean values on treatment for each patient whilst enrolled in the registry.

FIGURE 6    |    Kaplan–Meier time-to-event graphs for first thromboembolic event (Panel A) and lens dislocation (Panel B) in pyridoxine non-
responsive patients. For patients detected by newborn screening, the curve shows the proportion who had not suffered an event at the time of their 
last visit. For clinically ascertained patients, separate curves show the proportion who had not suffered an event at the time of diagnosis and at the 
time of their last visit. The shaded areas show 95% confidence intervals. The numbers at risk at 5-year spaced time points are shown in Table S6.
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no reliable reports of neuropathy on doses below 500 mg/day 
[24, 25]. In line with this, the 2017 guidelines recommended 
using the lowest pyridoxine dose that achieves the biochemical 
target, up to a maximum of 500 mg/day. Data on the safe pyri-
doxine dose in children are scarce, but it must be related to size, 
so we recommended a maximum dose of 10 mg/kg/day [10].

Doses above 10 mg/kg/day were prescribed in the long term for 
33 patients in the E-HOD registry and doses above 500 mg/day 
for 35 patients. The risk of peripheral neuropathy is low for doses 
slightly above these values but it is worrying that doses above 
900 mg/day were prescribed for 10 patients; if they remain on 
such doses, they are at high risk of developing neuropathy.

In the past, many NRs were treated with pyridoxine in case they 
responded in the long term, but there is no evidence that pyr-
idoxine is beneficial in patients who show no biochemical re-
sponse within 6 weeks. Pyridoxine was prescribed for most NRs 
in the E-HOD registry (whether detected clinically or by NBS). 
This is not a concern if the pyridoxine dose is low, but many NRs 
were on high doses (Figure 2). Eight of the 10 patients prescribed 
doses above 900 mg/day were NRs. The pyridoxine will not help 
these patients but may well cause harm.

4.4   |   Risks of Treatment: Betaine

There is limited guidance on the optimum or maximum safe be-
taine doses, but the available evidence suggests there is unlikely 
to be any additional benefit from doses higher than 150–200 mg/
kg/day [26, 27]. The manufacturer's current guidance is based 
partly on data from the E-HOD registry [17].

The biggest concern with betaine treatment is the possibil-
ity of cerebral oedema. This has been reported in 10 CBS-
deficient patients on betaine with methionine concentrations 
of 972 μmol/L or higher [11]. None of the patients in the E-
HOD registry developed cerebral oedema. Methionine con-
centrations above 900 μmol/L occurred in 17 patients. Fifteen 
of these were on treatment with betaine, but only one patient 
was on a dose above 150 mg/kg/day. Ten were already on di-
etary treatment, but compliance may have been poor—the 
methionine concentrations fell without a change in treatment. 
Betaine doses above 200 mg/kg/day were prescribed for 11 pa-
tients in the registry but none had a methionine concentration 
above 608 μmol/L.

4.5   |   Risks of Treatment: Diet

For dietary treatment, the potential adverse effects are nutri-
tional deficiencies. To achieve target tHcy levels in NR patients, 
it is usually necessary to restrict natural protein below the age-
appropriate WHO safe protein intake and to give a methionine-
free AAM. Most dietitians aim for a total protein intake above 
the WHO safe intake, as shown in Figure 3B. This is because the 
balance of amino acids in the AAMs may not be optimal and the 
dietary protein is largely from vegetables and has low biological 
value. Protein-restricted diets are unlikely to contain enough vi-
tamins and minerals, so the AAMs are generally supplemented 
with these.

Most patients on dietary treatment were prescribed AAMs, but 
13 patients were not on an AAM despite a protein intake that was 
less than the WHO recommendation. If these patients adhered 
to the prescribed diet, they were at risk of protein malnutrition 
and vitamin/mineral deficiencies. The risk of malnutrition is 
exacerbated by the relatively low biological value of dietary pro-
tein in low-protein diets. Methionine-free AAMs are unpalat-
able, and this is probably why they were not taken, but cost and 
availability may also be factors [19]. The 13 patients were all over 
21 years old, which may reflect the difficulty of starting AAMs 
in older subjects. Other patients could also develop nutritional 
deficiencies if the AAMs are not taken regularly. The data in the 
E-HOD registry do not allow assessment of nutritional status.

A European survey in 2013 found that about half of the metabolic 
centres based dietary treatment on the protein content of foods 
and half on its methionine content; most of the latter group, how-
ever, used a combination of protein and methionine analysis be-
cause data on methionine content are incomplete [28]. Thirty-nine 
E-HOD centres provided data on patients' methionine and protein 
intake, allowing us to calculate the average methionine content 
of their dietary protein. Figure  4 shows that the values varied 
markedly both within and between centres (from 0.08 g methi-
onine/100 g protein to 5.0 g/100 g). Published data indicate that the 
methionine content of protein ranges from 0.5 g/100 g for fruit to 
2.8 g/100 g for milk and 3.2 g/100 g for eggs [29], but patients' diets 
are unlikely to differ so much, particularly as the methionine/pro-
tein ratio was unrelated to the geographical location. The scatter 
is partly because centres use different methionine/protein ratios 
for foods whose methionine content is unknown [28] and some 
centres treat certain fruits and vegetables as methionine-free and 
do not count them. The differences are of limited significance, as 
all centres adjust the diet according to the biochemical results. 
Nevertheless, harmonisation of dietetic practice might be helpful.

This study has several limitations. Centres entered their own 
data into the Registry and it has not been possible to verify them 
independently. Data have not been entered for the interval be-
tween diagnosis and recruitment into the Registry; for some pa-
tients, data are only available for a small number of visits. The 
Registry holds few neuropsychology or quality of life data and 
no imaging or bone densitometry results.

In conclusion, ER and FR patients generally achieved tHcy 
concentrations below 50 μmol/L. Most NRs were on dietary 
treatment, usually combined with betaine; betaine alone sel-
dom achieved target tHcy values in NRs. Work is needed on the 
methionine content of dietary protein, as estimates vary widely. 
Contrary to the 2017 guidelines, most NR patients were on pyr-
idoxine, sometimes at dangerously high doses. Unfortunately, 
despite dietary treatment and betaine, many NRs and PRs had 
a mean tHcy considerably above 100 μmol/L; poor compliance 
with the onerous diet was probably a major factor. Although 
committed patients can achieve good results with current man-
agement, novel treatments are highly desirable.
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