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Abstract

Background and objectives

Increased mortality in epilepsy due to infections (other than pneumonia) has been demonstrated.
Small case series of people on antiepileptic drugs (AEDs) have described hypogammaglobulinaemia,
which may predispose to infections. It is unclear whether hypogammaglobulinaemia is more
frequent in people on AEDs, what AEDs it is associated with, or what clinical impact it has. In this
population-based study, we aimed to determine whether AEDs were associated with
hypogammaglobulinaemia, which AEDs were associated, and whether the associations may be

causal.

Methods

We conducted an unmatched case-control study using data linkage of routinely-collected
biochemistry, prescribing, and morbidity datasets in North-East Scotland from 2009-2021. Cases
were participants with immunoglobulin levels less than the reference range. Controls were those
with normal/high immunoglobulin levels. Logistic regression was used to investigate associations
between AED exposure and any hypogammaglobulinaemia, adjusting for age, sex and comorbidity.
We also analysed low IgA, IgM and IgG separately. We analysed 'any AED' exposure and common
individual drugs separately. Cumulative exposure data were used to determine whether an

exposure-response relationship was present.

Results

18,666 cases and 127,157 controls were identified. Use of any AED was associated with increased
risk of hypogammaglobulinaemia (adjusted odds ratio [aOR] 1.20 [95% Cl 1.15-1.25]). Phenytoin use

was strongly associated with low IgA (aOR 5.90 [95% CI 3.04, 10.43]). Carbamazepine and



lamotrigine were also associated with low IgA. Apart from topiramate, which was associated with a
non-significant decrease in odds of hypogammaglobulinaemia, there was a consistent increase in
odds of hypogammaglobulinaemia across most AEDs studied. Panhypogammaglobulinaemia was
associated with any AED use, carbamazepine, lamotrigine, gabapentin and multiple AED use. There
was evidence of an exposure-response relationship between any AED use and any
hypogammaglobulinaemia, low IgA and low IgG. Carbamazepine and probably lamotrigine also had

an exposure-response relationship with any hypogammaglobulinaemia.

Discussion

AEDs may increase hypogammaglobulinaemia risk. Specific classes of immunoglobulins are
differentially affected, and the exposure-response analysis suggests this may be causal. Further work
should investigate the clinical impact of these findings. Clinicians should check immunoglobulin

levels if unusual or recurrent infections occur in patients treated with AEDs.



Introduction

Approximately 50 million people worldwide have epilepsy, which is associated with a higher risk of
mortality than in people without epilepsy.! Previous authors have classified cause of death in
epilepsy into those related to epilepsy (e.g. causes of epilepsy such as tumours and consequences of
seizures such as aspiration pneumonia) and those not related to epilepsy.2 However, some causes of
death not conventionally thought to be epilepsy-related are increased, including infections other

than pneumonia, and we do not have a good understanding about why this is.!

We previously treated a patient with longstanding epilepsy on carbamazepine who developed
hypogammaglobulinaemia (HGG) and progressive multifocal leukoencephalopathy (PML) without
known immunosuppression. After discontinuation of carbamazepine, hypogammaglobulinaemia and
the PML resolved. We therefore considered whether there is an increased risk of HGG in people with
antiepileptic drugs (AEDs) that may explain some of the increased infection mortality risk in epilepsy,
which could potentially be preventable.

Previous case reports have associated AEDs, namely carbamazepine,®>*® phenytoin,**2

2425 and levetiracetam,?2® with transient HGG. Although these case reports and small

lamotrigine
studies suggest AEDs are associated with HGG, there are no population-based studies that have

investigated this and we are therefore unaware of the frequency of HGG in people taking AEDs, or

whether this association is causal.>®*’

We therefore aimed to determine the association between AEDs and HGG, whether associations are

specific to individual immunoglobulins, and whether an exposure-response relationship exists.



Materials and methods

Data source

Data for this study were obtained from data linkage of three routinely-collected healthcare datasets
in NHS Grampian, which provides health care for a population of 586,000 in North-East Scotland, UK.
These datasets were (i) the NHS Grampian laboratories dataset, containing all laboratory testing
from primary care and hospitals in the area; (ii) Prescribing Information System (PIS), containing all
primary care prescriptions in the area; and (iii) the Scottish Morbidity Record (SMR) 01, containing
co-morbidity data derived from hospital discharge coding. The merged dataset included all people
with immunoglobulins tested in Grampian from 01/01/2009 to 30/04/2021, with data on their
immunoglobulin values, AED prescriptions, and co-morbidities. Linkage was performed in the
Grampian Data Safe Haven (DaSH) platform. Data were linked using unique patient identification

numbers and pseudonymised.

Standard protocol approvals, registrations, and patient consents
There was no direct participant recruitment for this study and ethical approval was obtained from

the North Node Privacy Advisory Committee.?

Study design

A retrospective unmatched case-control study was performed. For the primary analysis, cases were
defined as those with low levels of any one of IgA, IgG, or IgM and controls as those with
normal/high levels of all these immunoglobulins between 2009 and April 2021. Low
immunoglobulins were defined as any measurement below the respective reference range. We also
performed secondary analyses, where cases and controls were defined by type of immunoglobulin
separately (low IgA versus normal IgA, low IgG versus normal IgG, and low IgM versus normal IgM).

Where there were multiple measurements of immunoglobulins in individuals, cases were defined as



those with any low immunoglobulin measurement. We used SMR 01 comorbidity data to exclude
individuals with known causes of HGG (diagnosis of a primary immunodeficiency disorder,
haematological malignancy, or treated with chemotherapy [ICD-10 codes: D80-D89, C81-C96, Z51.1,

Z51.2, 7Z54.2]) from all analyses to reduce confounding.

Classification and definition of AED exposure

For most of the analyses, AED exposure was considered a binary variable: no AED exposure prior to
the index immunoglobulin measurement versus AED exposure prior to immunoglobulin
measurement. Where individuals had multiple immunoglobulin test dates, either the first test that
was normal/high was used for controls and the test with the lowest result was used for cases. The
drugs studied and British National Formulary (BNF) codes are listed in the Supplementary Material
Table S1. Exposure groups included: (i) treatment with any AED; (ii) treatment with specific AEDs — a)
carbamazepine, b) phenytoin, c) sodium valproate, d) lamotrigine, e) levetiracetam, f) gabapentin, g)
pregabalin, h) topiramate, i) other AEDs; (iii) treatment with multiple AEDs; and (iv) no AED use prior

to immunoglobulin measurement.

In the exposure-response analysis, for each subject with any AED prescription, the duration of
treatment from the first available prescription date in the PIS to the index immunoglobulin
measurement date was calculated. Cumulative treatment duration was categorised as no exposure,

<1year, 1-<2, 2-<4, 4-6, >6+ years.

Covariates

Age, sex, and Charlson Comorbidity Index (CCl, derived from SMR 01 data) were included in
statistical modelling as potential confounders. AED choice varies by sex and age,”® and limited data
suggest immunoglobulin levels in men and women may be differentially affected by AED exposure.*

Higher comorbidity status is associated with both prescriptions for AEDs and rates of HGG.3%3! We



were unable to adjust for other potential confounders (e.g. we lacked systematic data about the
presence of a diagnosis of epilepsy, because the comorbidity data available were only from inpatient

diagnoses).

Statistical analysis

Descriptive statistics were used to summarise the cases and controls. The following analyses were
undertaken:

1. Associations between use of AEDs and any HGG

In this primary analysis, logistic regression was used to calculate odds ratios (OR) and 95%
confidence intervals (Cl) for the associations between exposure to any, multiple and specific AEDs
and any HGG (any low immunoglobulin result), with adjustment for age, sex and CCl.

2. Associations between use of AEDs and specific HGG

The above analysis was repeated, but associations between AED use and (i) low specific
immunoglobulins (IgA, IgG and IgM) and (ii) panhypogammaglobulinaemia (PanHGG), defined as IgA,
IgG and IgM levels all less than the normal range were investigated.

3. Exposure-response relationship between AEDs and HGG

To determine if an exposure-response relationship exists, ORs and 95% Cl were calculated for the
AED exposure durations listed above compared with the reference category of no exposure. Cases
and controls were limited to those with PIS data from 2013 onwards to ensure AED exposure time
was accurate because PIS data from before 2013 was incomplete and thus absence of a previous
prescription before this time may not reliably indicate the start of AED use. We firstly investigated
the exposure-response relationship in an exposure group including any AED shown to be associated
with HGG in the primary analysis (for any and specific low immunoglobulin subclasses). Given
sample size constraints, we secondly examined the exposure-response relationship between only

two specific agents (carbamazepine and lamotrigine) and any HGG. These agents had adequate



sample sizes, were associated with each immunoglobulin subtype, and had been identified in
previous reports of AED-induced HGG.>"1324% Forest plots were used to visually examine for trend.
4. Sensitivity analysis

Two sensitivity analysis were undertaken where low immunoglobulin status was redefined as less
than the median in those with immunoglobulins below the normal range, where immunoglobulin

subclasses were analysed separately. All analyses were adjusted for age, sex and CCl.

All data cleaning and statistical analyses were undertaken using RStudio v1.4.11063 except that the
forest plots were made using GraphPad Prism v9.1.22.3 Results were held to be significant at the
p<0.05 level. Cell values of less than 5 were denoted as ‘<5’ to ensure compliance with the Study
Statistical Disclosure Control Guidance.?* Post-hoc power calculation showed that the primary
analyses were over-powered (100% power for identifying a odds ratio of 1.3 assuming a=0.05) but
power for individual associations between AEDs and low immunoglobulin subclasses was lower and

varied widely between different associations studied.

Data availability

Investigators may request access to the pseudonymised datasets used in this study from the
Grampian Data Safe Haven (DaSH), with access to be granted within the secure safe haven
environment. Prior to data access, proposals will require permission from the relevant approval
providers (e.g., NHS Grampian Caldicott, NHS Grampian Research Development and Ethics). Data
agreements may also be required. Access to these datasets must be within five years of the initial

study completion and there may be costs associated with the hosting of the data.



Results

Descriptive statistics: Cases and controls

154,286 participants were initially identified who had immunoglobulins tested and 8,463
participants (5.5%) were excluded based on SMR 01 data ICD-10 codes for identifiable causes of
HGG. Of 145,823 without identifiable causes of HGG, there were 18,666 (13%) HGG cases (any low
immunoglobulin measurement) and 127,157 controls (87%). Characteristics of cases and controls
are listed in Table 1. The median (IQR) age at the time of immunoglobulin testing was 65 (45-77)
years in cases and 48 (31-65) in controls. Approximately 40% of participants were male in each case
group, with the exception of the IgM group where males constituted 55% of cases. Cases with low
IgG and IgM were older, on average, than controls (median age 67 vs 59 and 69 vs 58), although
median age of IgA cases was much lower than in controls (19 vs 51). Nearly 70% of controls had a
CClI of zero, compared to 50% of cases. The cases group had a higher burden of comorbidities, with

23% having a CCl of greater than two compared to 11% in the control group.

15.1% (22,072) of participants were prescribed AEDs during the exposure period. The proportion of

HGG cases prescribed any AED was higher than the proportion of controls prescribed any AED in the
IgG and IgM subgroups, although not in the IgA subgroup. The most commonly prescribed AED was

gabapentin (54.0% of participants with at least one AED prescription), and 29.8% of the participants
exposed to AEDs used multiple agents. Average length of AED exposure was longer among cases

than controls.

1. Associations between use of AEDs and any HGG
Use of AEDs was associated with an increased risk of any HGG (adjusted odds ratio [aOR] 1.20
[95%Cl 1.15, 1.25], p<0.001) (Table 2). All individual AEDs were significantly associated with

increased risk of any HGG, with the exception of topiramate which had a non-significant reduction in
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risk of HGG (aOR 0.84, 95%Cl 0.69, 1.01, p=0.06). Results from this primary analysis are depicted in
Table 2. Removal of topiramate from the ‘any AED’ category did not make a substantial difference to
the association with any HGG: aOR (95%Cl) 1.21 (1.16, 1.26). Relative risk was calculated and found

to be very similar to the unadjusted ORs.

2. Associations between use of AEDs and specific HGG/panHGG

Results from analyses of associations between AEDs and specific HGG are shown in Table 3.
Carbamazepine, phenytoin, lamotrigine and ‘other AEDs’ were significantly associated with low IgA.
Phenytoin use was strongly associated with low IgA (aOR 5.90 [95% CI 3.04, 10.43]). All AEDs were
significantly associated with low IgG and IgM to varying degrees (Table 3), with the exception of
phenytoin, levetiracetam, topiramate and ‘other AEDSs’, although phenytoin, levetiracetam and
'‘other AEDs' had similar aORs to the other significantly-associated AEDs and lack of power due to
small number in these analyses may explain why these drugs were not significantly associated. Any
AED, carbamazepine, lamotrigine, gabapentin and multiple AED use were all significantly associated

with panhypogammaglobulinaemia.

3. Exposure-response relationship between AEDs and specific HGG

Results of the exposure-response analysis are shown in Figure 1. There was evidence of a trend of
increased odds of any HGG with increasing duration of AED exposure (excluding topiramate). While
confidence intervals overlapped, the confidence interval for the <1 year duration period did not
overlap the aOR estimate for the 4-6 year or >6 years exposure groups. As exposure time on any AED
(except topiramate) increased, the odds of HGG generally increased for IgA, IgG and IgM, with a
clearer trend present with IgA and IgG that with IgM. For IgA, the confidence interval of the <1 year
exposure group did not overlap with aOR estimate of 2-4 years, 4-6 years, and >6 years exposure
groups. Similarly for IgG, the confidence interval of the <1 year exposure group did not overlap with

the aOR estimate for the 4-6 year and >6 year exposure groups. For both IgA and IgG the confidence
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intervals for the <1 year exposure group and the >6 years exposure group did not overlap. For IgM
there was little increase in OR after 2 years' exposure. Thus, there is good evidence for a dose-
response relationship low IgA and low IgG, but not for IgM. We lacked sufficient numbers to
investigate dose-response relationships for individual drugs except carbamazepine and lamotrigine.
While numbers in individual groups were small, there was a clear trend of increased risk of any HGG
with increasing duration of CBZ and a possible trend with increasing duration of exposure to

lamotrigine.

4. Sensitivity analyses

The sensitivity analyses results are shown in Tables 4 and 5. The redefinition of cases to those with
very low immunoglobulin levels reduced number of cases and hence power. There was consistency
between these analyses and the main analysis of individual immunoglobulin types in that the ORs

were generally above 1 for associations, with the exception of topiramate.
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Discussion

Main Findings

In this large populated-based case-control study, exposure to most AEDs was associated with
increased risk of any HGG, independent of age, sex, and comorbidity. Phenytoin had a strong
association with low IgA with nearly six-fold increased odds, which was a much stronger association
than any other identified in this study. Carbamazepine and lamotrigine were the only other
individual drugs with a clear association with low IgA. Differences between AEDs were less clear for
low IgM and low IgG, with exception of topiramate which was associated with a non-significant
reduced risk of each type of HGG. Any AED use, carbamazepine, lamotrigine, gabapentin and
multiple AED use were associated with PanHGG. Our data also demonstrated an exposure-response
relationship may exist for some of the commonly-used AEDs, which provides some evidence that this

association may be causal.

Comparison with previous studies

To our knowledge, this is the first population-based study of hypogammaglobulinaemia in people
taking AEDs. Several small studies have previously investigated immunoglobulins in people taking
specific anticonvulsants. Callenbach and colleagues studied 127 consecutive children with epilepsy
and found that carbamazepine significantly decreased IgA, IgG and IgM levels, after 9-18 months of
treatment.*® Svalheim and colleagues studied 211 patients with epilepsy on AEDs and 80 controls
aged 18-45 years and found carbamazepine was associated with low IgG only, lamotrigine was
associated with low IgA, IgG and IgM, and no significant association existed between levetiracetam
and low immunoglobulins after six months of treatment.?* Ashrafi and colleagues studied 33
patients with epilepsy before and six months after carbamazepine initiation found 24.2% had a
significant reduction in IgA levels.*® Gilhus and colleagues investigated 49 phenytoin-treated patients

with epilepsy and 19 untreated controls and about 5% of phenytoin-treated patients developed IgA
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deficiency.?” A further 15% had sub-normal IgA levels. EI-Shimi and colleagues found that IgA and
IgM were lower than in 50 children with epilepsy treated with carbamazepine than in 15 controls.®
In one longitudinal study of 19 patients with epilepsy, zonisamide was unlikely to affect
immunoglobulin levels, but this study had low power.3® Other drugs have had little previous research
into their effects on immunoglobulins. Oxcarbazepine has been reported to induce low

immunoglobulins in a case report.*

Only one study has previously reported an exposure-response relationship between AED exposure
and HGG. EI-Shimi and colleagues found that IgG levels (but not IgA or IgM levels) were lower in
children treated for longer with carbamazepine but this analysis was hindered by a low sample size

(only 50 children).®

Although the mechanisms by which AEDs cause HGG are unclear, low immunoglobulin subclass
concentrations in children treated with carbamazepine or sodium valproate has been attributed to
the effect of AEDs on B cell maturation or regulatory T lymphocytes, which directly affect
immunoglobulin isotype production.?>*! Dosch et al. observed that AEDs impacting immunoglobulin
concentrations block sodium channels, therefore it may be possible that this mode of action causes
the observed side effect.’* However, topiramate also blocks sodium channels*? and was found to be
the only AED not associated with an increased risk of HGG in our study and, conversely, we found
some AEDs which do not act on sodium channels (e.g. gabapentin and pregabalin) were associated
with HGG. AEDs have also been postulated to trigger an underlying common variable
immunodeficiency (CVID), which may have appeared at some stage in life regardless of AED
exposure.?* However this theory is not a plausible frequent mechanism of HGG: case reports suggest
HGG is transient and immunoglobulins normalise following AED cessation,>>%1417.18 \whereas CVID is
a genetic, non-reversible condition, and is much rarer than the observed frequency of HGG in AED-

users.”
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Strengths

This study has several strengths. We used a large population-based dataset, at low risk of selection
bias, covering all immunoglobulin results from a population of over 580,000, with no age restriction.
Access to comprehensive prescribing data covering approximately 10 years allowed us to investigate
exposure to all common AEDs.** We also excluded participants with specific co-morbidities
associated with HGG using ICD-10 codes, to reduce confounding. Additionally, we analysed different
levels of HGG, both any low measure and a measurement lower than the median of low Ig
measurements. Furthermore, we had comprehensive population-wide assessment of AED use. In the
UK, AEDs can only be obtained with a medical prescription and all community prescriptions are

included in the PIS database. Lastly, our analyses were adjusted for potential confounders.

Limitations

Inevitably, this study also has several limitations. First, many people on AEDs will not have their
immunoglobulins routinely checked so we are likely to have underestimated the true incidence of
HGG. However, this is unlikely to bias the associations we examined as this will be similar across all
exposure groups. Second, we will not have excluded all participants with co-morbidities which cause
HGG. SMRO1 is derived from hospital discharge coding, so individuals who were not admitted to
hospital with these conditions between 2009 and 2021 would not have been excluded. Potential
residual confounding may also exist as CCl only measures specific comorbidities. We were unable to
adjust for other conditions may impact on HGG risk — such as protein-losing enteropathies or
nephrotic syndrome.* Third, there were limitations relating to incomplete prescribing data. The
earlier years of the PIS database were incomplete so AED start dates before 2012 were unreliable,
which limited the sample size for analysis of the exposure-response relationship. PIS does not
include hospital prescriptions of AEDs, but these will usually be short-term so we will have captured

most long-term AED use. Our data were based on medications being dispensed and we lacked
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measures of patient concordance. Fourth, although this was a population-based study with a large
sample size, numbers in analyses of some specific AEDs, particularly when stratifying the dataset
into IgA, IgG and IgM and exposure durations led to small sample sizes. Fifth, we investigated
multiple comparisons which increases risk of chance findings. We did not adjust for multiple
comparisons because many of the associations we examined were not independent of each other
(e.g. analysis of any HGG and specific HGGs were not independent and multiple AEDs may she
common mechanisms for HGG). However, we have seen consistency between analysis with similar
results for many AEDs and the exposure-response analysis gives evidence that these findings are not
just due to chance. We also did not have data available on IgG subclasses. Lastly, we have calculated
odds ratios rather than relative risks, so the measures of association may be biased slightly away

from unity.

Association or Causation?

While we can prove that AEDs cause hypogammaglobulinaemia there are several strands to suggest
that these associations may be causal. The exposure-response relationship suggests that there may
be a duration effect or a cumulative dose effect and provides evidence for causation. There have
also been case reports>®2%% reporting reversibility of HGG with discontinuation of particular drugs,

again providing evidence for causality.

Clinical relevance

Many people with low immunoglobulins do not develop frequent or unusual infections,* so many
with HGG associated with AEDs may not have a serious clinical consequences. However, it is likely
that some of those with AED-associated HGG will go on to develop significant infections as a result.
This may be of particular importance for certain patient groups, such as those who already have
immune deficiencies or who are on immunosuppressant drugs, or those with progressive

neurological disease who are more vulnerable to infection. Further work to investigate the clinical
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impact is urgently needed. In the meantime, evaluation of immunoglobulin levels should be
considered in individuals taking AEDs who suffer from recurrent or unusual infections. If HGG is
identified in this context, switching to an alternative AEDs could be considered. It may be that

topiramate should be the preferred AED in this context, but this requires more research.

Further research

Although our findings demonstrate an association between AED exposure and risk of HGG, more
studies are required to understand the underlying mechanisms whereby AEDs influence
immunoglobulin production. Our data showed reduction of risk of HGG in people on topiramate with
borderline statistical significance (p=0.06) so another study is needed to confirm this. Our data on
the exposure-response relationship in specific AEDs was limited by small numbers so replication in a
larger population or with longer duration is needed. To determine the clinical impact of our
findings, it is important to investigate whether AED use is associated with higher risk of infection
using prospective analysis, and how frequently AED-induced HGG leads to serious infections. If AED-
associated HGG is associated with an increased risk of infection, research will also be needed to

evaluate mitigation or management strategies.

Conclusion

In conclusion, our study shows that AEDs are associated with increased risk of HGG, with all drugs
except topiramate associated with HGG. Specific classes of immunoglobulins appear to be
differentially affected, with IgA deficiency in particular associated with phenytoin use. Our data
suggest an exposure-response relationship so the associations may be causal. Further research is
urgently needed to establish the clinical impact of these findings. In the meantime, we recommend

that immunoglobulins should be checked in patients on AEDs with unusual or recurrent infections.

17



Acknowledgements

We acknowledge the support of the Grampian Data Safe Haven (DaSH) facility within the Aberdeen
Centre for Health Data Science and the associated financial support of the University of Aberdeen,

and NHS Research Scotland. We are also grateful for funding from the School of Medicine, Medical
Sciences, and Nutrition, University of Aberdeen. The funders had no role in the execution or design

of this study.

18



References

1. Klgvgaard M, Lynge TH, Tsiropoulos |, et al. Epilepsy-Related Mortality in Children and Young
Adults in Denmark. Neurology. 2022;98(3):e213 LP-e224.
doi:10.1212/WNL.0000000000013068

2. Devinsky O, Spruill T, Thurman D, Friedman D. Recognizing and preventing epilepsy-related
mortality. Neurology. 2016;86(8):779 LP - 786. doi:10.1212/WNL.0000000000002253

3. Garcia Rodriguez MC, de la Concha EG, Fontan G, et al. Transient hypogammaglobulinemia in
the adult. Functional assessment of T and B lymphocytes. J Clin Lab Immunol. 1983;11(1):55-
58.

4. Horneff G, Lenard H, Wahn V. Severe adverse reaction to carbamazepine: significance of
humoral and cellular reactions to the drug. Neuropediatrics. 1992;23(5):272-275.
doi:10.1055/5-2008-1071357

5. Van Ginneken EEM, Van Der Meer JWM, Netten PM. A man with a mysterious
hypogammaglobulinaemia and skin rash. Neth J Med. 1999;54(4):158-162. doi:10.1016/S0300-
2977(98)00140-5

6. AiharaV, Ito SI, Kobayashi Y, Yamakawa Y, Aihara M, Yokota S. Carbamazepine-induced
hypersensitivity syndrome associated with transient hypogammaglobulinaemia and
reactivation of human herpesvirus 6 infection demonstrated by real-time quantitative
polymerase chain reaction. BrJ Dermatol. 2003;149(1):165-169. doi:10.1046/j.1365-
2133.2003.05368.x

7. Spickett GP, Gompels MM, Saunders PWG. Hypogammaglobulinaemiawithabsent B
lymphocytes and agranulocytosis aftercarbamazepine treatment: Letters to the editor. J
Neurol Neurosurg Psychiatry. 1996;60:459-462.

8. Rice CM, Johnston SL, Unsworth DJ, et al. Recurrent herpes simplex virus encephalitis

secondary to carbamazepine induced hypogammaglobulinaemia. J Neurol Neurosurg

19



10.

11.

12.

13.

14.

15.

16.

17.

18.

Psychiatry. Published online 2006:1011-1012. doi:10.1136/jnnp.2006.090266

Ozaras N, Goksugur N, Eroglu S, Tabak O, Canbakan B, Ozaras R. Carbamazepine-induced
hypogammaglobulinemia. Seizure. 2012;21(3):229-231. doi:10.1016/j.seizure.2011.12.013
Gilhus N, Strandjord R, Aarli J. The effect of carbamazepine on serum immunoglobulin
concentrations. Acta Neurol Scand. 1982;66(2):172-179. doi:10.1111/j.1600-
0404.1982.tb04514.x

Gilhus N, Lea T. Carbamazepine: effect on IgG subclasses in epileptic patients. Epilepsia.
1988;29(3):317-320. doi:10.1111/j.1528-1157.1988.tb03726.x

Pacifici R, Paris L, Di Carlo S, Pichini S, Zuccaro P. Immunologic aspects of carbamazepine
treatment in epileptic patients. Epilepsia. 1991;32(1):122-127. d0i:10.1111/j.1528-
1157.1991.tb05622.x

Basaran N, Hincal F, Kansu E, A C. Humoral and cellular immune parameters in untreated and
phenytoin-or carbamazepine-treated epileptic patients. Int J Immunopharmacol.
1994;16(12):1071-1077. doi:10.1016/0192-0561(94)90087-6

Dosch H, Jason J, Gelfand E. Transient antibody deficiency and abnormal T suppressor cells
induced by phenytoin. N Eng J Med. 1982;7:406-409.

De Gast G, The T, Viersma J, Marrink J, Arisz L. Reversible hypogammaglobulinaemia after
diphenylhydan- toin and hydroxyzine therapy. Neth J Med. 1974;17:261-269.

Lillie MA, Yang LC, Honig PJ, August CS. Erythroderma, Hypogammaglobulinemia, and T-Cell
Lymphocytosis: Occurrence Following Therapy With Phenytoin. Arch Dermatol.
1983;119(5):415-418. d0i:10.1001/archderm.1983.01650290055017

Okumura A, Tsuge |, Kamachi Y, Negoro T, Watanabe K. Transient Hypogammaglobulinemia
After Antiepileptic Drug Hypersensitivity. Pediatr Neurol. 2007;36(5):342-344.
doi:10.1016/j.pediatrneurol.2006.12.015

Travin M, Macris NT, Block JM, Schwimmer D. Reversible Common Variable Immunodeficiency

Syndrome Induced by Phenytoin. Arch Intern Med. 1989;149(6):1421-1422.

20



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

doi:10.1001/archinte.1989.00390060133029

Pereira LF, Sanchez JF. Reversible Panhypogammaglobulinemia Associated with Phenytoin
Treatment. Scand J Infect Dis. 2002;34(10):785-787. doi:10.1080/00365540260348662
Guerra IC, Fawcett IV WA, Redmon AH, Lawrence EC, Rosenblatt HM, Shearer WT. Permanent
intrinsic B cell immunodeficiency caused by phenytoin hypersensitivity. J Allergy Clin Immunol.
1986;77(4):603-607. doi:10.1016/0091-6749(86)90353-2

Ruff M, Pincus L, Sampson H. Phenytoin-induced IgA depression. Am J Dis Child.
1987;141(8):858-861. d0i:10.1001/archpedi.1987.04460080044024.

Seager J, Jamison D, Wilson J, Hayward A, Soothill J. IgA deficiency, epilepsy, and phenytoin
treatment. Lancet. 1975;4(2):632-635. doi:10.1016/s0140-6736(75)90115-4

Aarli J. Changes in serum immunoglobulin levels during phenytoin treatment of epilepsy. Acta
Neurol Scand. 1976;54(5):423-430. d0i:10.1111/j.1600-0404.1976.tb04374 .x

Svalheim S, Mushtaqg U, Mochol M, et al. Reduced immunoglobulin levels in epilepsy patients
treated with levetiracetam, lamotrigine, or carbamazepine. Acta Neurol Scand.
2013;127(5196):11-15. doi:10.1111/ane.12044

Ranua J, Luoma K, Auvinen A, et al. Serum IgA, IgG, and IgM concentrations in patients with
epilepsy and matched controls: A cohort-based cross-sectional study. Epilepsy Behav.
2005;6(2):191-195. doi:10.1016/j.yebeh.2004.11.017

Ozdemir H, Sumer S, Karabagli H, Akdemir G, Caliskaner AZ, Artac H. B cell aplasia and
hypogammaglobulinemia associated with levetiracetam. Ann Saudi Med. 2018;38(1):545-548.
doi:10.5144/0256-4947.2018.09.01.1430

Honeff G, Lenard HG, Wahn V. Severe adverse reaction to carbamazepine: Significance of
humoral and cellular reactions to the drug. Neuropediatrics. 1992;23(5):272-275.
doi:10.1055/s-2008-1071357

University of Aberdeen. NNPAC: Clinical Research Governance and Quality Assurance. NNPAC

Data Studies. Published 2021. Accessed July 27, 2021.

21



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

https://www.abdn.ac.uk/clinicalresearchgovernance/nnpac-data-studies-134.php
Johannessen Landmark C, | Johannessen S. Pharmacotherapy in epilepsy — does gender affect
safety? Expert Opin Drug Saf. 2016;15(1):1-4. doi:10.1517/14740338.2016.1117606
Rajagopalan K, Candrilli SD, Ajmera M. Impact of antiepileptic-drug treatment burden on
health-care-resource utilization and costs. Clin Outcomes Res. 2018;10:619-627.
doi:10.2147/CEOR.S180913

Barmettler S, Ong MS, Farmer JR, Choi H, Walter J. Association of Immunoglobulin Levels,
Infectious Risk, and Mortality with Rituximab and Hypogammaglobulinemia. JAMA Netw Open.
2018;1(7):1-14. doi:10.1001/jamanetworkopen.2018.4169

RStudio Team. RStudio: Integrated Development Environment for R. Published online 2015.
http://www.rstudio.com/

GraphPad Software. GraphPad Prism version 9.1.22 for Mac. Published online 2021.
www.graphpad.com

Griffiths E, Greci C, Kotrotsios Y, et al. Handbook on Statistical Disclosure Control for Outputs.
2019;(July). https://figshare.com/articles/SDC_Handbook/9958520

Callenbach PMC, Jol-Van Der Zijde CM, Geerts AT, et al. Immunoglobulins in children with
epilepsy: The Dutch study of epilepsy in childhood. Clin Exp Immunol. 2003;132(1):144-151.
doi:10.1046/j.1365-2249.2003.02097 .x

Ashrafi M, Hosseini SA, Abolmaali S, et al. Effect of anti-epileptic drugs on serum
immunoglobulin levels in children. Acta Neurol Belg. 2010;110(1):65-70.

Gilhus NE, Lea T. IgG subclasses in epileptic patients treated with phenytoin. J Neurol.
1989;236(3):149-152. doi:10.1007/BF00314330

El-Shimi OS, Farag AA, El-Rebigi AM, Kharboush TG, Bayomy HES, Khashaba RA.
Carbamazepine-Induced Hematological and Immunological Alterations in Egyptian Children
with Idiopathic Generalized Seizures. J Child Sci. 2021;11(1):265-272. doi:10.1055/s-0041-

1736156

22



39.

40.

41.

42.

43.

44,

45.

46.

47.

Fujimoto Y, lkoma R, Shimizu T, Shimizu A. Effect of zonisamide on serum immunoglobulins.
Arzneimittelforschung. 1990;40(8):855-858.

Knight AK, Cunningham-Rundles C. Oxcarbazepine-induced immunoglobulin deficiency. Clin
Diagn Lab Immunol. 2005;12(4):560-561. doi:10.1128/CDLI.12.4.560-561.2005

Matsuoka H, Okada J, Takahashi T, Matsuoka M, Sato C, Torii S. Immunological study of IgA
deficiency during anticonvulsant therapy in epileptic patients. Clin Exp Immunol.
1983;53(2):423-428.

Zona C, Ciotti M, Avoli M. Topiramate attenuates voltage-gated sodium currents in rat
cerebellar granule cells. Neurosci Lett. 1997;231(3):123-126. doi:10.1016/s0304-
3940(97)00543-0

Tseng CW, Lai KL, Chen DY, Lin CH, Chen HH. The incidence and prevalence of common
variable immunodeficiency disease in Taiwan, A Population-Based Study. PLoS One.
2015;10(10):1-8. doi:10.1371/journal.pone.0140473

NICE. BNF: Epilepsy. Published 2021. Accessed June 19, 2021.
https://bnf.nice.org.uk/treatment-summary/epilepsy.html

Patel SY, Carbone J, Jolles S. The expanding field of secondary antibody deficiency: Causes,

diagnosis, and management. Front Immunol. 2019;10(FEB). doi:10.3389/fimmu.2019.00033

Hoshino C, Hoshi T. Carbamazepine-induced agammagloblinaemia clinically mimicking diffuse

panbronchiolitis. BMJ Case Rep. Published online 2011:10-13. do0i:10.1136/bcr.11.2010.3535

Furst DE. Serum Immunoglobulins and Risk of Infection: How Low Can You Go? Semin Arthritis

Rheum. 2009;39(1):18-29. doi:10.1016/j.semarthrit.2008.05.002

23



Table 1: Characteristics of cases and controls.

Variable All participants IgA IgG IgM PanHGG Excluded
N (%) N (%) N (%) N (%) N (%) participants®
Cases Controls | Cases Controls | Cases | Controls | Cases | Controls | Cases | Controls
Low Ig Normallg | Low IgA | Normal Low Normal Low Normal Low Normal
IgA IgG IgG IgM IgM IgM IgM
Number of participants 18666 127157 4617 140994 3982 88360 12882 79232 391 145432 8463
Age (years) at date of Ig test: 65 (45, 48 (31, 65) | 19 (4, 51(32,67) | 67 (50, | 59(43,72) | 69 (57, | 58 (41, 59 (5, 50 (31, 63 (49, 73)
median (IQR) 77) 57) 77) 79) 71) 75) 67)
Male sex 9374 50493 1957 57827 1611 39200 7098 33619 210 85888 4015 (41.4)
(50.2) (39.7) (42.4) (41.0) (40.5) | (44.4) (55.1) | (42.4) (53.7) | (59.1)
Charlson Comorbidity Index: 0(0,2) 0(0, 1) 0(0,0) |0(0,1) 1(0,3) | 0(0,2) 1(0,3) | 0(0,2) 0(0,2) |0(0,1) 3(2,5)
median (IQR)
Immunoglobulin measure (g/L): 0.57 2.40(1.78, | 5.30 10.40 0.39 1.04
median (IQR)® (0.33, 3.20) (4.60, | (8.86, (031, | (0.77,
0.70) 5.70) 12.30) 0.45) 1.44)
Exposure to None 15103 108648 4115 119455 3037 72082 10178 64749 313 123438 7296 (64.6)
antiepileptic (80.9) (85.4) (89.1) (84.7) (76.3) | (81.6) (79.0) | (81.7) (80.1) | (84.9)
medication Any 3563 18509 502 21539 945 16278 2704 14483 78 21994 3990 (35.4)
(19.1) (14.6) (10.9) (15.3) (23.7) | (18.4) (21.0) | (18.3) (19.9) | (15.1)
Carbamazepine | 388 (2.1) | 1782 (1.4) | 70(1.5) | 2094 (1.5) | 111 1569 (1.8) | 284 1389 11 (2.8) | 2159 632 (7.5)
(2.8) (2.2) (1.8) (1.5)
Phenytoin 36(0.2) | 106(0.1) 12 (0.3) | 130(<0.1) | 10 120(0.1) | 25(0.2) | 105(0.1) | <5 140 (0.1) | 237 (2.8)
(0.3) (<1.0)
Sodium 187 (1.0) | 962 (0.8) 31(0.7) | 1116 (0.8) | 54 781(0.9) | 131 702 (0.9) | <5 1145 739 (8.7)
valproate (1.4) (1.1) (<1.0) (0.8)
Lamotrigine 202 (1.1) | 974(0.8) | 53(1.1) | 1122(0.8) | 54 792 (0.9) | 138 705 (0.9) | 8(2.0) | 1168 710 (8.4)
(1.4) (1.1) (0.8)
Levetiracetam | 83(0.4) | 350 (0.3) 14 (0.3) | 418 (0.3) | 26 336 (0.4) | 61(0.5) | 300(0.4) | <5 430 (0.3) | 558 (6.6)
(0.7) (<1.0)
Gabapentin 1940 9980 (7.8) 239 11661 557 9095 1474 8156 49 11871 1148 (13.6)
(10.4) (5.2) (8.3) (14.0) | (10.3) (11.4) | (10.3) (12.5) | (8.2)
Pregabalin 1801 9173 (7.2) | 238 10726 493 8221(9.3) | 1364 7337 38(9.7) | 10936 969 (11.4)
(9.6) (5.2) (7.6) (12.4) (10.6) | (9.3) (7.5)
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Topiramate 123 (0.7) | 1286 (1.0) | 37(0.8) | 1369(0.9) | 31 804 (0.9) 73(0.6) | 757 (1.0) | <5 1408 184 (2.2)
(0.8) (<1.0) (1.0)
Other 165 (0.9) | 697 (0.5) 29 (0.6) | 830(0.6) 43 661 (0.7) 126 575(0.7) | 6(1.5) | 856 (0.6) | 436 (5.2)
(1.1) (1.0)
Multiple agents | 1086 5500 (4.3) | 169 6404 (4.5) | 337 4951 (5.6) | 793 4479 35(9.0) | 6551 184 (2.2)
(5.8) (3.7) (8.5) (6.2) (5.7) (4.5)
Average length of exposure 1.9 (0.4, 0.9 (0.2, 2.1(0.5, | 1.4(0.2, 1.8 1.3(0.2, 1.8 1.0(0.2, |4.2 0.3 (0, 6.5 (1.0, 8.0)
period (years): median (IQR) 6.1) 3.7) 6.1) 5.0) (0.2, 5.1) (0.3, 4.9) (0.4, 3.1)
5.1) 5.5) 6.4)

aReasons for exclusion: Primary immunodeficiency disorder, haematological malignancies, or treated with chemotherapy

b Normal range: IgA 0.8-4.0g/L; IgG 6.0-16.0; IgM 0.5-3.0

Abbreviations: N, number; Ig, immunoglobulins; PanHGG, panhypogammaglobulinaemia; IQR, interquartile range
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Table 2: Primary analysis showing associations between antiepileptic drug use and any hypogammaglobulinaemia, unadjusted and adjusted for

confounders.
Medicine Cases N (%) Controls N (%) Unadjusted analyses Adjusted analyses®
OR (95% Cl) OR (95% ClI)
Any AED 3563 (19.1) 18509 (14.6) 1.38 (1.33, 1.44) 1.20 (1.15, 1.25)
Carbamazepine 388 (2.1) 1782 (1.4) 1.49 (1.34, 1.66) 1.36(1.21, 1.52)
Phenytoin 36 (0.2) 106 (0.1) 2.32(1.57,3.35) 1.65(1.11, 2.40)
Sodium valproate 187 (1.0) 962 (0.8) 1.33(1.13, 1.55) 1.24 (1.05, 1.45)
Lamotrigine 202 (1.1) 974 (0.8) 1.41(1.21, 1.65) 1.41 (1.20, 1.64)
Levetiracetam 83 (0.4) 350 (0.3) 1.62 (1.26, 2.05) 1.30(1.01, 1.66)
Gabapentin 1940 (10.4) 9980 (7.8) 1.36(1.29, 1.43) 1.15(1.09, 1.21)
Pregabalin 1801 (9.6) 9173 (7.2) 1.37 (1.30, 1.45) 1.21(1.14, 1.27)
Topiramate 123 (0.7) 1286 (1.0) 0.65 (0.54, 0.78) 0.84 (0.69, 1.01)
Other 165 (0.9) 697 (0.5) 1.62 (1.36, 1.91) 1.27 (1.06, 1.50)
Multiple agents 1086 (5.8) 5500 (4.3) 1.37(1.28, 1.46) 1.23(1.14, 1.31)

a Adjusted for age, sex and CCl
Abbreviations: N, number; OR, odds ratio; Cl, confidence interval; AED, antiepileptic drug



Table 3: Secondary analysis showing associations between antiepileptic drug use and low IgA, 1gG, IgM, and panHGG? adjusted for confounders®.

Low IgA Low IgG Low IgM Panhypogammaglobulinaemia
Medicine Cases N Controls | aOR (95% | Cases Controls | aOR (95% | Cases N Controls N | aOR (95% | Cases Controls | aOR (95%
(%) N (%) (o) N (%) N (%) (o) (%) (%) cl® N (%) N (%) cl®

Any AED 502 21539 1.02 (0.92, | 945 16278 1.22 (1.13, | 2704 14483 1.18(1.13, | 78 21994 1.40 (1.08-
(10.9) (15.3) 1.12) (23.7) (18.4) 1.31) (21.0) (18.3) 1.24) (20.0) (15.1) 1.79)

Carbamazepine 70 (1.5) 2094 1.58 (1.23, | 111 1569 1.50(1.23, | 284 (2.2) | 1389(1.8) | 1.27(1.11, | 11(2.8) | 2159 2.00 (1.03-
(1.5) 2.00) (2.8) (1.8) 1.82) 1.45) (1.5) 3.47)

Phenytoin 12 (0.3) 130 5.90(3.04, | 10(0.3) | 120(0.1) | 1.71(0.83, | 25(0.2) 105 (0.1) 1.14 (0.72, | 2(0.5) 140 (0.1) | 5.19(0.85-

(<0.1) 10.43) 3.12) 1.75) 16.43)

Sodium valproate 31(0.7) 1116 1.00(0.68, | 54(1.4) | 781(0.9) | 1.47(1.10, | 131(1.1) | 702 (0.9) 1.23(1.01, | 4(1.0) 1145 1.25 (0.39-
(0.8) 1.41) 1.92) 1.49) (0.8) 2.93)

Lamotrigine 53(1.1) | 1122 1.59 (1.19, | 54 (1.4) | 792 (0.9) | 1.44 (1.08, | 138(1.1) | 705 (0.9) 1.32(1.09, | 8(2.0) | 1168 2.50 (1.13-
(0.8) 2.09) 1.88) 1.58) (0.8) 4.71)

Levetiracetam 14 (0.3) 418 (0.3) | 1.25(0.70, | 26(0.7) | 336(0.4) | 1.43(0.93, | 61(0.5) 300 (0.4) 1.18(0.88, | 3(0.8) | 430(0.3) | 2.32(0.57-
2.07) 2.10) 1.56) 6.10)

Gabapentin 239 (5.2) | 11661 0.95 (0.83, | 557 9095 1.25(1.14, | 1474 8156 1.10(1.04, | 49 11871 1.61(1.17-
(8.3) 1.09) (14.0) (10.3) 1.37) (11.4) (10.3) 1.17) (12.5) (8.2) 2.17)

Pregabalin 238 (5.2) | 10726 1.97 (0.84, | 493 8221 1.22(1.11, | 1364 7337 (9.3) | 1.20(1.13, | 38(9.7) | 10936 1.30(0.91-
(7.6) 1.11) (12.4) (9.3) 1.35) (10.6) 1.28) (7.5) 1.81)

Topiramate 37 (0.8) 1369 0.74(0.52, | 31(0.8) | 804 (0.9) | 0.89(0.61, | 73(0.6) 757 (1.0) 0.94 (0.73, | 1(0.3) 1408 0.27 (0.02-
(0.9) 1.01) 1.26) 1.19) (1.0) 1.18)

Other 29 (0.6) 830(0.6) | 1.51(1.01, | 43(1.1) | 661(0.7) | 1.23(0.88, | 126 (1.0) | 575(0.7) 1.20(0.98, | 6(1.5) | 856(0.6) | 2.46(0.97-
2.16) 1.66) 1.46) 5.07)

Multiple agents 169 (3.7) | 6404 1.13(0.96, | 337 4951 1.40 (1.24, | 793 (6.2) | 4479(5.7) | 1.16(1.07, | 35(9.0) | 6551 2.05 (1.42-
(4.5) 1.32) (8.5) (5.6) 1.57) 1.26) (4.5) 2.88)

aPanhypogammaglobulinaemia defined as IgA, 1gG and IgM levels less than the normal range.
b Adjusted for age, sex, and CCI.
Abbreviations: PanHGG, panhypogammaglobulinaemia; N, number; OR, odds ratio; Cl, confidence interval; AED, antiepileptic drug
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Figure 1: Associations between exposure to antiepileptic medication and hypogammaglobulinaemia over time, adjusted for age, sex and CCl, where

immunoglobulins measured before 2013 and prescribing data from before 2013 is excluded.

Abbreviations: AED, antiepileptic drug; N, number; aOR, adjusted odds ratio; Cl, confidence interval
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Table 4: Sensitivity analysis (i) for the associations between antiepileptic drug use and hypogammaglobulinaemia, adjusted for confounders, where cases

are redefined as very low immunoglobulin levels.?

Very low IgA Very low IgG Very low IgM
Medicine Cases N Controls N | aOR (95% Cl)° Cases N Controls N aoR (95% Cl)° Cases N Controls N | aOR (95% CI)b
(%) (%) (%) (%) (%) (%)
Any antiepileptic use 239 (9.7) 21809 0.95 (0.82, 1.09) 484 (22.8) 16739 (17.0) 1.15(1.03,1.27) 1409 15778 1.22(1.15,1.30)
(15.2) (21.7) (18.4)

Carbamazepine 35(1.4) 2129 (1.5) 1.57(1.10, 2.17) 57 (2.7) 1623 (1.7) 1.44(1.09, 1.87) 156 (2.4) 1517 (1.8) 1.37(1.15,1.62)
Phenytoin 8(0.3) 134 (<0.1) 7.56 (3.32, 14.86) <5 (<0.2) 126 (0.1) 1.25(0.38, 3.00) 14 (0.2) 116 (0.1) 1.23(0.67, 2.08)
Sodium valproate 15 (0.6) 1132 (0.8) 0.92 (0.53, 1.49) 28 (1.3) 807 (0.8) 1.38(0.92,1.98) 79 (1.2) 754 (0.9) 1.51(1.19,1.91)
Lamotrigine 22 (0.9) 1153 (0.8) 1.25(0.79, 1.87) 31(1.5) 815 (0.8) 1.51(1.03, 2.14) 64 (1.0) 779 (0.9) 1.19(0.91, 1.53)
Levetiracetam 10 (0.4) 422 (0.3) 1.73(0.86, 3.10) 13 (0.6) 349 (0.4) 1.29(0.70, 2.16) 37 (0.6) 324 (0.4) 1.43(1.00, 1.99)
Gabapentin 113 (4.6) 11787 (8.2) | 0.90(0.73, 1.08) 283 (13.3) 9369 (9.5) 1.17(1.03,1.33) 761 (11.7) 8869 (10.4) | 1.13(1.04,1.22)
Pregabalin 105 (4.3) 10859 (7.6) | 0.84 (0.68, 1.02) 258 (12.1) 8456 (8.6) 1.18 (1.03, 1.35) 709 (10.9) 7992 (9.3) 1.24 (1.14, 1.35)
Topiramate 12 (0.5) 1394 (1.0) 0.46 (0.25, 0.78) 15(0.7) 820 (0.8) 0.77 (0.44, 1.24) 36 (0.6) 794 (0.9) 1.03(0.72,1.42)
Other 16 (0.7) 843 (0.6) 1.58 (0.92, 2.53) 23 (1.1) 681 (0.7) 1.22 (0.78, 1.81) 72 (1.1) 629 (0.7) 1.33(1.03, 1.70)
Multiple agents 76 (3.1) 6497 (4.5) 1.00 (0.78, 1.25) 170 (8.0) 5118 (5.2) 1.28 (1.09, 1.50) 418 (6.4) 4854 (5.7) 1.23(1.11, 1.37)

aVery low immunoglobulin levels are defined as immunoglobulin levels less than the median of those with immunoglobulins less than the normal range
b Adjusted for age, sex, and CCl.
Abbreviations: N, number; OR, odds ratio; Cl, confidence interval; AED, antiepileptic drug
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