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ABSTRACT

Objective: Determine vitamin B12 threshold levels below which additional testing of
methylmalonic acid (MMA) and/or homocysteine (Hcy) is useful to diagnose metabolic vitamin
B12 deficiency in patients with polyneuropathy, and how vitamin B12, MMA and Hcy levels
relate to the effect of supplementation therapy.

Methods: In a retrospective cohort study of 331 patients with polyneuropathy, vitamin B12, MMA
and Hcy were measured. Linear regression models with vitamin B12 as dependent and Hcy or MMA
as covariate were compared, to assess which was best related to vitamin B12. Threshold vitamin
B12 levels for metabolic deficiency (defined as elevatede metabolites) were determined
using logistic regression with elevated metabolites as dependent and vitamin B12 as covariate..
A structured interview was conducted in 42 patients to evaluate response to vitamin B12
supplementation.

Results: MMA was best related to vitamin B12. Using elevated MMA for metabolic deficiency, we
found 90% sensitivity at a vitamin B12 threshold level <264 pmol/L (358 pg/mL) and 95%
sensitivity at <304 pmol/L (412 pg/mL). Improvement after supplementation was reported by
19% patients and stabilization by 24%. 88% of patients with improvement and 90% with
stabilization either had absolute deficiency (Vitamin B12 < 148 pmol/L) or metabolic deficiency
(elevated MMA and vitamin B12> 148 pmol/L). There were no additional patients with
improvement or stabilization with isolated elevated Hcy.

Conclusion: Testing of MMA has additional value in identifying patients with clinically relevant
metabolic deficiency when vitamin B12 is below 304 pmol/L (412 pg/mL). Supplementation can
be effective in patients with absolute and metabolic deficiency.

KEYWORDS
polyneuropathy;
neuropathy; vitamin B12;
methylmalonic acid;
homocystein; Vitamin
deficiency; Metabolic
deficiency; Vitamin
supplementation

Introduction be used, nor which metabolites should be determined:

In the workup of polyneuropathy, neurologists rely on
the interpretation of laboratory results to identify (trea-
table) causes. Absolute vitamin B12 deficiency, com-
monly defined as a total serum vitamin B12 level of
<148 pmol/L (200 pg/mL), along with clinical evidence
of disease, is a common and treatable cause of polyneuro-
pathy [1-3]. The clinical relevance of metabolic vitamin
B12 deficiency, defined as low-normal total serum vita-
min B12 with elevated metabolites methylmalonic acid
(MMA) or homocysteine (Hcy), is unclear. Previous
studies in patients with polyneuropathy do not provide
sufficient data on how to define metabolic vitamin B12
deficiency, which threshold levels for vitamin B12 should

MMA and/or Hcy [4-8]. As a result, evidence-based
guidelines either provide no or only limited guidance
on testing for metabolic vitamin B12 deficiency in
patients with polyneuropathy [9-12]. Currently used
diagnostic criteria for metabolic vitamin B12 deficiency
are mostly based on studies with hematological or
asymptomatic participants [13]. The relevance and accu-
racy of these criteria in patients with polyneuropathy is
uncertain, as polyneuropathy often develops indepen-
dently of hematological abnormalities, and the relation-
ship between vitamin B12 levels and the effect of
supplementation seems less clear in patients with poly-
neuropathy than in hematological patients [8,14-16].
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The aim of this study was to establish whether
threshold levels for vitamin B12 can be defined below
which it is useful to test for MMA and/or Hcy to diagnose
metabolic vitamin B12 deficiency, and how vitamin B12,
MMA and homocysteine levels relate to the effect of sup-
plementation in patients with polyneuropathy.

Materials and methods
Study population

From patients records we identified 542 adult (18 years
or older) first-referral outpatients diagnosed with poly-
neuropathy between 1 January 2013 and 1 January
2018, for whom combined laboratory test results for
vitamin B12, MMA, Hcy and folate within a 60 days’
timespan were available. Exclusion criteria were: folate
deficiency (<6.8 pmol/L, n = 51), vitamin B6 (pyridoxal
5’-phosphate) deficiency (<110 nmol/L, n = 2), self-
reported vitamin B supplement use up to 1 year prior
to laboratory investigations (n = 113), elevated (>3SD
above the mean) blood levels of vitamin B12, folate
or vitamin B6 suggestive of vitamin supplement use
(n = 27), or decreased renal function as indicated by
age-adjusted estimated glomerular filtration rate
(eGFR; n = 18) [17]. Thus we included 331 patients
in the final analysis.

The diagnosis of polyneuropathy was confirmed by a
neuromuscular specialist and was based on a history of
distal symptoms (numbness, paresthesia, pain or weak-
ness) with distal sensory or sensorimotor signs and/or
decreased/absent reflexes upon neurological examin-
ation, and confirmation by standardized nerve conduc-
tion studies [18,19]. Patients whose findings on nerve
conduction studies were normal, were only included if
clinical signs were unequivocally consistent with poly-
neuropathy and if other potential causes of the neuro-
logical deficits (e.g., myelopathy or lumbar spinal
stenosis) were excluded. All patients underwent an
extensive diagnostic workup to identify underlying
etiologies, including medical history taking, kinship his-
tory and blood investigations including at least: blood
count, erythrocyte sedimentation rate, glucose, HbA,,
renal function, liver enzymes, vitamin Bl, vitamin B6,
folic acid, vitamin B12, homocysteine, methylmalonic
acid, thyroid-stimulating hormone, serum M-protein.
Additional investigations, such as lumbar punction or
genetic testing, were done when clinically indicated.
Patients with small fibre neuropathy were excluded.

Approval to conduct this study was received from the
hospital’s ethical standards committee; the medical ethi-
cal committee assessed that this study does not fall
under WMO legislation.
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Assessments

From the electronic patient files, we extracted clinical
data, which included age, sex, duration of symptoms,
medical history, alcohol intake, smoking status, medi-
cation, vitamin supplement use, type of symptoms,
findings from neurological examination, results of lab-
oratory tests and additional investigations, final etiologi-
cal diagnosis, duration and method of vitamin B12
supplementation.

Laboratory tests

Total vitamin B12 was measured in plasma with Beck-
man Coulter DXI immunoenzymatic assay. A threshold
of <148 pmol/L (<200 pg/mL) was used for absolute
vitamin B12 deficiency, in accordance with most litera-
ture and the national Dutch general practitioners’
guidelines [13,20].

MMA was measured in plasma by liquid chromato-
graphy-tandem mass spectroscopy. A threshold of
>0.29 pmol/L was used for elevated MMA based on
the literature and a validation study in our hospital, car-
ried out in 100 randomly selected adult patients with
normal metabolites [13].

Hcy was measured with an Atellica immunoassay.
Immediately after obtaining the sample, blood was cen-
trifuged, plasma removed and frozen. A threshold of
>14.0 umol/L was used for elevated Hcy, based on test
manufacturer validation in 119 healthy donors with
no history of heart disease.

Effect of vitamin B12 supplementation

According to the electronic patient files, 64 patients had
been prescribed vitamin B12 supplementation. We
excluded 19 patients: 1 patient had died; other reasons
for exclusion were refusing to participate (n = 6), being
unreachable by telephone (n = 9), not having received sup-
plementation (n = 1), language barrier (n = 2). Addition-
ally, three patients were excluded because we were
unable to establish the effect of treatment: two reported
improvement of sensory symptoms but deterioration of
motor symptoms and one improved but had received
intravenous immunoglobulins simultaneously with sup-
plementation. Thus we could include 42 patients for the
evaluation of the effect of supplementation. Limited data
on the effect of supplementation were available in the elec-
tronic patient files, because our hospital is a referral center
and follow-up is usually carried out by the general prac-
titioner or referring neurologist. Therefore, patients who
had been prescribed vitamin B12 supplementation were
contacted by telephone for a structured interview on the
effect of supplementation. Patients were asked about the
duration and method of supplementation, whether
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vitamin B12 levels had been checked after supplemen-
tation and reported as normal by the treating physician,
whether and which symptoms had improved, stabilized
or deteriorated. We assessed effect of supplementation as
improvement, stabilization, or deterioration of symptoms.

Statistical analysis

All statistical analyses were performed in R-studio (ver-
sion 1.1.456). Results were considered statistically signifi-
cant when the P-value was less than 0.05. Participant
characteristics between patients with (metabolic) vita-
min B12 deficiency and those without were compared
with either the y* or Fisher’s exact test for categorical
variables and student’s ¢-test or one-way ANOVA test,
with natural logarithm transformation of right-skewed
data when applicable for continuous variables.

To assess which metabolite (Hcy or MMA) was best
related to vitamin B12, we compared the AIC and
adjusted R* of a linear regression model with log-trans-
formed vitamin B12 level as dependent variable and
either dichotomized Hcy or MMA (elevated or normal)
as covariate. We chose to dichotomize MMA and Hcy
as ‘elevated’ or ‘normal’, as this is how the results of the
levels of these metabolites are used in clinical practice
for diagnosing metabolic vitamin B12 deficiency. A
difference between AIC’s of two points or more was con-
sidered relevant. Additionally, we calculated Pearson
correlations between vitamin B12 and Hcy and between
vitamin B12 and MMA (all after log transformation).

After excluding patients with absolute deficiency
(vitamin B12 < 148 pmol/L), we used logistic regression
with the presence of elevated metabolites (MMA, Hcy,
or Hcy and/or MMA) as the dependent variable, i.e. as
the gold standard for metabolic deficiency, and vitamin
B12 levels as covariate. We calculated threshold vitamin
B12 levels to obtain 90% and 95% sensitivity, and deter-
mined the optimum trade-off between sensitivity and
specificity for the different reference metabolites. Results
were plotted as Receiver Operating Characteristic (ROC)
curves and we estimated the respective area under the
curve (AUC). We preferred a high level of sensitivity
compared to high specificity to minimize the probability
of missing patients with elevated reference metabolite(s)
and, therefore, potentially missing metabolic vitamin
B12 deficiency. For several consecutive ranges of vitamin
B12 threshold levels, we calculated the prevalence of elev-
ated reference metabolite(s), the number of missed cases
of patients with elevated metabolite(s), and the number
needed to test to diagnose (NND) one patient with elev-
ated metabolite(s).

Finally, we assessed what percentage of patients, who
improved and stabilized after vitamin BI2

supplementation, had a metabolic deficiency, defined
as vitamin B12 levels > 148 pmol/L (200 pg/mL) and
either elevated MMA or Hcy. A similar analysis was
conducted for absolute vitamin B12 deficiency, defined
as <148 pmol/L (<200 pg/mL) independent of metab-
olite level. We compared the distribution of vitamin
B12, MMA and Hcy levels, method of supplementation
and the prevalence of elevated metabolites and absolute
deficiency between patients with improvement, stabiliz-
ation or deterioration.

Method of supplementation, the prevalence of absol-
ute deficiency and elevated metabolites were compared
between patients with improvement, deterioration and
stabilization using Fisher exact test, and distribution
of vitamin B12, MMA and Hcy was compared using stu-
dent’s t-test after natural logarithm transformation.

Prevalence of elevated metabolites, metabolic vita-
min B12 deficiency (using the different definition as
described at ROC analysis), effect of vitamin B12 sup-
plementation were compared between patients with
and without a known etiology for polyneuropathy
(patients with cryptogenic axonal polyneuropathy or
CAP) using y” test, and distribution of vitamin B12
and metabolites using student’s t-test after natural log-
arithm transformation. The comparison between
patients with and without a known etiology was carried
out, because the role of vitamin B12 deficiency in
patients with another known etiology is less clear.
Patients with vitamin B12 < 148 pmol/L were excluded
from these analyses as absolute deficiency is an exclu-
sion criterion for the diagnosis CAP.

Results

The clinical and laboratory characteristics of all 331
patients are presented in Table 1.

Laboratory results

Vitamin B12 levels ranged from 77 to 657 pmol/L. In
patients with elevated MMA, vitamin B12 levels were
below 319 pmol/L; in patients with elevated Hcy,
below 616 pmol/L. Figure 1 shows that both metab-
olites increased with decreasing levels of vitamin B12.
Table 2 shows the prevalence of elevated metabolites
in ascending categories of vitamin B12 levels; these
decreased for both metabolites as levels of vitamin
B12 increased.

Comparing AIC’s for the linear model of vitamin B12
and elevated MMA to the model of vitamin B12 and
elevated Hcy shows that MMA is better related to vita-
min B12 levels (AIC 130.73 and 138.97, R? 0.055 and
0.026, respectively, for MMA and Hcy). Pearson



Table 1. Clinical and laboratory characteristics of 331 patients
with a polyneuropathy.

Age, mean (SD) 63.0 (11.4)
Men, n (%) 235 (71.0)
Symptom duration in months, median (IQR) 36 (55.7)
Etiology of polyneuropathy n (%)
Diabetes 22 (6.6)
Hereditary 51 (15.4)
Immune-mediated® 30 (9.1)
Toxic (alcohol, medication) 26 (7.9)
Vitamin deficiency (B12 or B1) 20 (6.0)
Systemic disorder® 12 (3.6)
Metabolic (uremic, thyroid) 11 (3.3)
Multifactorial 25 (7.6)
CAP 134 (40.5)
Vitamin B12 pmol/L, median (IQR) 217 (110)
MMA umol/L, median (IQR) 0.19 (0.1)
Hcy pumol/L, median (IQR) 11 8 (4.7)
Hemoglobin mmol/L, mean (SD) 0 (0.8)
MCV fL, mean (SD) 90 5 (4.6)

IQR, Interquartile range; CAP, cryptogenic axonal polyneuropathy; MMA,
methylmalonic acid; Hcy, homocysteine; MCV, mean corpuscular volume.

?Chronic inflammatory demyelinating polyneuropathy, Guillain Barre Syn-
drome, M-protein associated.

bSarcoidosis, amyloidosis, vasculitis, m. Sjogren, Rheumatoid arthritis.

correlation between vitamin B12 and MMA was —0.39
(95% confidence interval —0.48 - —0.29), and —0.32
(95% confidence interval —0.41 - —0.22) between

400

Vitamin B12, pmol/L

0.25 0.50 0.75 1.00
Methylmalonic acid, nmol/L

10 20 30 40 50 60 70
Homocystein, nmol/L

Figure 1. Metabolite levels and vitamin B12 levels. (a) Dot plot
of vitamin B12 and methylmalonic acid levels with trend line,
Pearson correlation after logarithm transformation: —0.39
(95% Cl —0.48- —0.29). (b) Dot plot of vitamin B12 and homocys-
teine levels with trend line, Pearson correlation after logarithm
transformation: —0.32 (95% Cl —0.41- —0.22).
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vitamin B12 and Hcy, all after natural logarithm trans-
formation. Figure 2 shows that the probability of
increased metabolites decreases with increasing vitamin
B12 levels and illustrates that vitamin B12 has better dis-
criminative ability for the risk of increased MMA than
for increased Hcy. In patients with vitamin B12 levels
>300 pmol/L, the probability of elevated MMA is very
low, but there is still a probability of over 0.2 of elevated
Hcy.

Vitamin B12 threshold levels

Table 3 shows results for the 285 included patients from
logistic regression for vitamin B12 as covariate using
three different gold standards for metabolic deficiency
as reference: elevated MMA, elevated Hcy, and elevated
MMA and/or Hcy combined.AUC curves are shown in
Figure 3.

The best trade-oft between sensitivity and specificity
results in relatively low sensitivity rates (69-80%). Elevated
Hcy or elevated MMA and/or Hcy combined show higher
threshold levels of vitamin B12 to achieve the same sensi-
tivities compared to elevated MMA alone, and result in a
higher prevalence of ‘metabolic deficiency’. Using MMA
as a reference, 95% sensitivity was reached at 304 pmol/L
vitamin B12 threshold. We, therefore, defined metabolic
deficiency as vitamin BI2 levels between 148 and 304
pmol/L with elevated MMA. Table 4 shows that clinical
phenotype does not differ between patients with absolute,
metabolic or no vitamin B12 deficiency, and that patients
with absolute deficiency have a higher MCV, other red
blood indices did not differ between groups.

Effect of vitamin B12 supplementation

Of the 42 included patients most received intramuscular
injections of 1000 pig once or twice weekly as the method
of supplementation (79%), otherwise they received 1000
ug of oral daily supplementation. The mean duration of
supplementation was 114 weeks (SD 98). Supplemen-
tation had been discontinued in 9/42 patients, most of
whom reported that vitamin B12 had normalized (78%).

Table 5 shows the effect of supplementation with the
distribution of vitamin B12 deficiency and elevated
metabolites. Improvement after supplementation was
reported by 19% of the 42 patients, by 22% of patients
with absolute deficiency (vitamin B12 < 148 pmol/L),
and by 20% of patients with metabolic deficiency (vita-
min B12 > 148 pmol/L and elevated MMA). Stabiliz-
ation was reported by 24% of patients, by 26% with
absolute deficiency and by 30% with metabolic
deficiency. Sensory symptoms most commonly
improved or stabilized upon supplementation treatment
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Table 2. Prevalence of elevated metabolites per vitamin B12 category.

Vitamin B12 categories, pmol/L <148 (n=51)  148-200 (n = 89)  200-250 (n = 80) 250-300 (n = 43) >300 (n =68) Total (n =331) p-Value?
Elevated MMA, n (%) 20 (39.2) 19 (21.3) 9 (11.3) 2 (4.7) 2 (2.9) 52 (15.7) <0.01
Elevated Hcy, n (%) 23 (45.1) 30 (33.7) 24 (30.0) 5(11.6) 12 (17.6) 94 (28.4) <0.01
Elevated MMA and Hcy, n (%) 11 (21.5) 10 (11.2) 4 (5.0) 0 (0) 1(1.5) 26 (7.9) <0.01
Elevated MMA or Hcy, n (%) 32 (62.3) 39 (43.8) 29 (36.2) 7 (16.3) 13 (19.1) 120 (36.3) <0.01
Normal MMA and Hcy, n (%) 19 (37.3) 50 (56.2) 51 (63.7) 36 (83.7) 55 (80.9) 211 (63.7) <0.01
MMA, methylmalonic acid; Hcy, homocysteine.
*Difference between vitamin B12 categories using x°.
0.51
2
8041
©
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Vitamin B12, pmol/L

Figure 2. Probability of elevated metabolites as function of vitamin B12 levels; predicted probabilities estimated using a logistic
regression model with elevated metabolites as dependent variable and vitamin B12 level as covariate. Abbreviations: MMA, methyl-

malonic acid; Hcy, homocysteine.

(in 14 out of 18 patients). Motor symptoms improved in
two patients, and two patients reported the stabilization
of both sensory and motor symptoms. Vitamin B12 ran-
ged from 82 to 197 pmol/L in patients with improve-
ment or stabilization, and 77-222 pmol/L in patients

with deterioration. Most patients with improvement
(7/8, 88%) or stabilization (9/10, 90%) either had an
absolute deficiency (respectively 71%; 60%) or a meta-
bolic deficiency (respectively 25%; 30%). There were
no additional patients with improvement or

Table 3. Logistic regression for Vitamin B12 as covariate, after excluding vitamin B12 < 148 pmol/L (200 pg/mL), n = 285.

Vitamin B12

Prevalence of elevated Missed cases of

threshold, pmol/L Sensitivity Specificity metabolite(s), n (%) NND elevated metabolites, n
MMA > 0.29 pmol/L: AUC 0.72
Best trade-off 213 0.69 0.66 22 (7.9%) 4.8 10
95% sensitivity 304 0.97 0.26 30 (10.7%) 7.1 1
90% sensitivity 264 0.91 0.38 28 (10.0%) 6.4 3
MMA > 0.29 pmol/L and/or Hcy > 14 pmol/L: AUC 0.65
Best trade-off 257 0.80 0.46 70 (25.0%) 25 18
Sensitivity 95% 368 0.96 0.10 83 (29.6%) 3.0 4
Sensitivity 90% 327 0.91 0.23 79 (28.2%) 2.9 8
Hcy > 14 pmol/L: AUC 0.61
Best trade-off 257 0.79 0.44 56 (20.0%) 3.1 15
Sensitivity 95% 374 0.96 0.10 67 (23.9%) 3.8 3
Sensitivity 90% 329 0.90 0.21 63 (22.5%) 3.6 7

NND, number needed to diagnose; MMA, methylmalonic acid; Hcy, homocysteine.
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b: Elevated Hcy or MMA
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c: Elevated Hcy
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Figure 3. ROC curves for elevated metabolites as dependent and vitamin B12 levels as covariate. Methylmalonic acid >0.29 pmol/L as
dependent. Methylmalonic acid >0.29 umol/L or homocysteine >14 pmol/L as dependent. Homocysteine >14 umol/L as dependent.

Abbreviations: MMA, methylmalonic acid; Hcy, homocysteine.

stabilization with isolated elevated Hcy. If only elevated
Hcy was used, the number of patients with improve-
ment identified would be one fewer than with MMA.
Most patients with improvement who had normal
metabolites had an absolute vitamin B12 deficiency
(<148 pmol/L; 3/4). The patient with improvement
with both normal metabolites and vitamin B12 > 148
pmol/L had vitamin B12 levels of 152 pmol/L.

As shown in Table 5, the prevalence of elevated
metabolites did not differ between patients with
improvement, deterioration and stabilization. There
was no difference between patients with improvement,
deterioration and stabilization in: prevalence of absolute
deficiency (present in 62,5%, 50%; and 60% respectively;
p =0.76, Fisher’s exact test), method of supplementation
(oral supplementation in respectively 37.5%, 12.5%, and
30.0%; p = 0.23, Fisher’s exact test), vitamin B12 levels
(median levels 141.5, 1429 and 145.8 pmol/L

respectively; p = 1.0, ANOVA after log transformation),
MMA (median 0.27, 0.33 and 0.35 umol/L respectively;
p = 0.45, ANOVA after log transformation), and Hcy
levels (median 13.9, 15.2 and 20.4 pmol/L respectively,
p = 0.64, ANOVA after log transformation).

Cryptogenic axonal polyneuropathy (CAP)

The prevalence of elevated metabolites, metabolic vitamin
B12 deficiency, effect of vitamin B12 supplementation
and distribution of vitamin B12 and metabolites did not
differ between patients with CAP (n = 128) and patients
with a known etiology (n = 152), as shown in Table 6. The
vitamin BI12 threshold levels were similar, but slightly
lower in patients with CAP compared to the results
from the total group in Table 3. For example, at 90% sen-
sitivity using increased MMA as reference Vitamin B12
threshold level was 245 pmol/L in patients with CAP.

Table 4. Comparison of clinical phenotype and laboratory results between patients with absolute, metabolic and no vitamin B12

deficiency.
All patients, Absolute B12 Metabolic B12 No B12 deficiency,

n =331 deficiency?®, n = 52 deficiency®, n = 30 n =250 p-Value®
Clinical phenotype n (%)
Sensorimotor 204 (61.6) 28 (45.1) 16 (46.7) 117 (46.8)
Pure sensory 127 (38.4) 23 (54.9) 14 (53.3) 133 (53.2) 0.98°
Onset of symptoms, n (%):
Arms 16 (4.8) 1(2.0) 3(10.0) 12 (4.9) 0.26'
Arms and legs 22 (6.6) 2 (3.9) 2 (6.7) 18 (7.2) 0.74
Legs 288 (87.0) 47 (92.2) 25 (83.3) 216 (86.4) 0.42°
Unknown 5(1.5) 1(2.0) 0 (0) 4 (1.6)
MMA umol/L, median (IQR) 0.19 (0.1) 0.24 (0.16) 0.36 (0.18) 0.17 (0.08) <0.019
Hcy pmol/L, median (IQR) 11.8 (4.7) 13.9 (5.9) 14 (4.1) 11.25 (4.4) <0.O1_h
Hemoglobin mmol/L, mean (SD) 9.0 (0.8) 8.8 (0.9) 9.3 (1.25) 9 (1.0) 0.20'
MCV fL, mean (SD) 90.5 (4.6) 91 (6.) 89.5 (4.7) 90 (5.0) 0.05

3Vitamin B12 >148 pmol/L, "Vitamin B12 148-304 pmol/L and methylmalonic acid >0.29 umol/L, “Vitamin B12 > 148 pmol/L and normal methylmalonic acid or
Vitamin B12 > 304pmol/L, “Difference between vitamin B12 categories, % Fisher exact test, 9one-way Anova test, all groups differ when applying Tukey
multiple pairwise-comparisons, "one-way Anova test, no deficiency differs from both groups with deficiency when applying Tukey multiple pairwise-com-
parisons, ‘'one-way Anova test, no deficiency differs from absolute deficiency when applying Tukey multiple pairwise-comparisons.
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Table 5. Effect of vitamin B12 supplementation and prevalence
of elevated metabolites, n (%).

p-

Supplementation effect Deteriorated ~ Stable  Improved  value®

All patients n = 42

MMA elevated 13 (31.0) 6 (14.3 3(7.1) 0.76

Hcy elevated 13 (31.0) 6(143) 3 (7.1) 0.76

Both MMA and Hcy 6 (14.3) 4 (9.5) 2 (4.8) 0.65
elevated

Both normal 4 (9.5) 2 (4.8) 4 (9.5) 0.22

Total 24 (57.1) 10 (23.8) 8 (19.0)

Vitamin B12 < 148 pmol/L (200 pg/mL), n =23

MMA elevated 8 (34.8) 3(13.0 1(4.3) 0.26

Hcy elevated 7 (30.4) 3(13.00 2(8.7) 0.86

Both MMA and Hcy 4 (17.4) 1(4.3) 1(4.3) 0.84
elevated

Both normal 1(4.3) 1(4.3) 3(13.0) 0.06

Total 12 (52.2) 6 (26.1) 5(21.7)

Vitamin B12 > 148 pmol/L (200 pg/mL), n = 19

MMA elevated 5(26.3) 3(15.7) 2(10.5) 0.55

Hcy elevated 6 (31.6) 3(15.7)  1(5.3) 0.67

Both MMA and Hcy 2 (10.5) 3(157)  1(53) 0.06
elevated

Both normal 3(15.7) 1(5.3) 1(5.3) 1

Total 12 (63.2) 4(21.1)  3(15.8)

MMA, methylmalonic acid; Hcy, homocysteine.
*Difference between supplementation effect groups using Fisher exact test.

Discussion

In this retrospective study, we determined serum vita-
min B12, methylmalonic acid and homocysteine levels
in 331 patients with polyneuropathy. We found that
serum vitamin B12 levels >148 pmol/L (>200 pg/mL)
in the presence of increased methylmalonic acid levels
justify supplementation, whilst the measurement of
homocysteine levels had no additional value. In patients
with an absolute deficiency (vitamin B12 < 148 pmol/L
or below a local lower limit of normal) supplementation
can be effective regardless of metabolite levels.

MMA is most appropriate for diagnosing clinically rel-
evant metabolic vitamin B12 deficiency, as it has less con-
founders that can cause false-positive results than Hcy.
Reported confounders of Hcy include: decreased renal
function, folate and pyridoxine deficiency, alcohol

Table 6. Results of patients with CAP compared to patients with
polyneuropathy with a known underlying etiology (non-CAP).

CAP Non-CAP p-value

MMA elevated, n (%) 5(11.7) 7112 10°

Hey elevated, n (%) 6 (20.3) 50296  0.10°
Both MMA and Hcy elevated, n (%) 5(3.9) 0 (6.6) 0.47°
Both normal, n (%) 2 (71.9) 100 (65.8) 0.34°
Metabolic B12 deficiency?, n (%) 5(88.3) 5(90.1) 0.76°
Vitamin B12, pmol/L (median, IQR) 232 (99.8) 239 5 (124.5) 0.63¢
MMA, pmol/L (median, IQR) 0.19 (0.10) 0.19 (0.09) 0.34°
Hcy, umol/L (median, IQR) 11.5 (3.5) 11.7 (5.1) 0.76°

Effect of supplementation
Improvement, n (%)
Stable, n (%)
Deterioration, n (%)

2(222) 0.41¢
2(222) 0.64¢
5 (55.6) 0.55¢

1(10.0)
2 (10.0)
7 (70.0)

CAP, cryptogenic axonal polyneuropathy.
4Vitamin B12 > 148 pmol/l and elevated MMA (>0.29 umol/L).; bChi-squared
test; “Students t-test after log transformation; dFisher exact test.

overuse, smoking, hypothyroidism, age and hypovolemia
[2,21,22]. In contrast, confounders of MMA are limited to
decreased renal function, age, hypovolemia and HIBCH
polymorphisms [2,23]. However, eGFR, age and vitamin
B12 levels have been shown to explain only part of the
variation in MMA levels, which could mean that other
unknown factors can be of influence [23].

As MMA is a more costly assay, it seems prudent to
restrict testing to those patients who are most likely to
have an elevated MMA. In our hospital, this was the
case when vitamin BI12 levels were <264 pmol/L
(threshold level with 90% sensitivity for identifying elev-
ated MMA). The generalizability of the vitamin B12
threshold values from our analysis has limitations,
because normal ranges for metabolites and vitamin B12
differ between hospitals and depend on methods of
measurement [13]. When we compared vitamin B12
levels in patients who underwent testing in both our hos-
pital and in the referring hospital, we found that levels
were lower in our hospital (n = 112, median vitamin
B12 =226 vs. 272 pmol/L, p<0.01). A previous study
in patients with polyneuropathy found a slightly higher
vitamin B12 threshold level of <290 pmol/L to obtain
90% sensitivity for elevated MMA (>0.39 pmol/L), also
underlining that threshold values may differ between lab-
oratories. There were additional factors in this study that
could contribute to the difference, namely: the higher
threshold level of abnormal MMA, and the inclusion of
patients using vitamin supplements and with folate
deficiency [6]. Taking these limitations into account, we
propose using a vitamin B12 threshold of 304 pmol/L
below which testing for MMA is useful, which resulted
in 95% sensitivity in our population. When MMA is elev-
ated, supplementation should be considered. An excep-
tion should be made for patients with polyneuropathy
and history of nitrous oxide abuse, in whom MMA
should always be tested, as vitamin B12 levels can remain
high despite serious metabolic deficiency [24].

A limitation of this study is the low number of
patients eligible for evaluating the effect of vitamin
B12 supplementation, as patients with vitamin B12
levels >200 pmol/L and elevated MMA were often not
treated with supplementation. This limited our ability
to draw conclusions about the effectiveness of sup-
plementation in these patients, who may benefit from
treatment as previously reported [8,25]. Due to these
low numbers, we were unable to carry out subgroup
analysis on possible differences between the effective-
ness of supplementation between patients with different
additional underlying etiologies of polyneuropathy. To
our knowledge, this has not been studied before and
would be an interesting direction for future research.
Additionally, the effect of supplementation was a self-



reported outcome that might be less reliable due to
possible placebo effect and recall bias. However,
patient-reported outcomes are considered to be increas-
ingly important in research [26].

Due to the retrospective nature of this study, there is
a risk of recall bias and selection bias; for example, in the
selection of patients who underwent all laboratory
investigations (vitamin B12, MMA, Hcy and folate).
However, on comparing vitamin B12 levels between
patients who underwent all laboratory investigations
and those who did not, we found no difference. We
referred patients back to their general practitioner for
the evaluation of the underlying cause of the vitamin
B12 deficiency. Therefore, we could not analyse possible
differences in the effectiveness of supplementation
between methods of supplementation for different
underlying etiologies of vitamin B12 deficiency. Though,
based on previous studies we do not expect any differ-
ences, as oral and intramuscular supplementation have
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been shown to be equally effective regardless of the
underlying etiology of vitamin B12 deficiency [27]. The
prevalence of vitamin B12 deficiency might differ
between ethnical groups, due to different dietary intake
or metabolism. Due to missing information on the ethni-
city of the included patients, we were unable to compare
our results between ethnical groups. Therefore, our
results might not be generalizable to populations with a
different ethnical or racial composition.

A strength of this study is the large number of
patients with polyneuropathy who underwent all lab-
oratory tests to assess metabolic B12 deficiency. In
most previous studies, metabolites were only assessed
in patients with low or low-normal vitamin B12 levels,
or those with a known risk factor for vitamin BI12
deficiency [4-8]. Additionally, the risk of confounding
of the laboratory results was reduced by excluding
patients with decreased renal function, folate deficiency
and vitamin B supplementation use.

Vitamin B12

<148 pmol/L (<200 pg/mL)
or < LLN*

148 pmol/L or LLN* - 304 pmol/L
(200 pg/mL - 412 pg/mL)

> 304 pmol/L (> 412 pg/mL)

v v

\/

Ab_sc.>lute Test MMA Vitamin B1_2 deficiency
deficiency unlikely
Vitamin B12. MMA > upper limit

supplementation of normal
advised
Metabolic
deficiency
Vitamin B12
supplementation
advised

Figure 4. Flow chart for diagnosing vitamin B12 deficiency in patients with polyneuropathy. Abbreviations: LLN, lower limit of normal;

MMA, methylmalonic acid.



2544 J. K. WARENDORF ET AL.

This and a previous study show that some patients
with both normal metabolites and normal vitamin B12
levels can respond to supplementation [14,25]. This
appears to contradict the notion that clinically relevant
deficiency is practically ruled out in patients with nor-
mal metabolites [4]. The paradox could have several
explanations, such as a placebo effect, intraindividual
variation in MMA, Hcy and vitamin B12 levels, altered
vitamin B12 metabolism, altered availability of vitamin
B12 due to disorders of transcobalamins, or alternative
pharmacological properties of vitamin B12 [25,28].
This underlines the fact that a perfect gold standard
for (metabolic) vitamin B12 deficiency is lacking and
that further trials and studies are needed to better
understand this paradox.

Our study supports the usefulness of testing for, and
treating, metabolic vitamin B12 deficiency in patients
with polyneuropathy. We found that 9% of patients
with polyneuropathy in our cohort classify as having
metabolic vitamin B12 deficiency, of which 43% could
potentially benefit from supplementation (with 11%
reporting improvement and 16% stabilization). Consid-
ering the high prevalence of polyneuropathy this is an
important finding with implications at the population
level. As shown in Figure 4, we advise a stepwise
approach in diagnosing vitamin B12 deficiency. The
initial step consists of determining vitamin B12 levels
and starting supplementation in those patients with
absolute deficiency. Next, performing additional testing
of MMA when vitamin B12 levels are between the local
lower limit of normal and 304 pmol/L (412 pg/mL), and
considering starting supplementation in patients with
metabolic deficiency, defined as elevated MMA when
vitamin B12 levels are above the lower limit of normal.
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