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ABSTRACT
Currently, clinicians use their judgement and indices such as the Prediction of Alcohol Withdrawal 
Syndrome Scale (PAWSS) to determine whether patients are admitted to hospitals for considera-
tion of withdrawal syndrome (AWS). However, only a fraction of those admitted will experience 
severe AWS. Previously, we and others have shown that epigenetic indices, such as the Alcohol 
T-Score (ATS), can quantify recent alcohol consumption. However, whether these or other alcohol 
biomarkers, such as carbohydrate deficient transferrin (CDT), could identify those at risk for severe 
AWS is unknown. To determine this, we first conducted genome-wide DNA methylation analyses 
of subjects entering and exiting alcohol treatment to identify loci whose methylation quickly 
reverted as a function of abstinence. We then tested whether methylation at a rapidly reverting 
locus, cg07375256, or other existing metrics including PAWSS scores, CDT levels, or ATS, could 
predict outcome in 125 subjects admitted for consideration of AWS. We found that PAWSS did not 
significantly predict severe AWS nor seizures. However, methylation at cg07375256 (ZSCAN25) and 
CDT strongly predicted severe AWS with ATS (p < 0.007) and cg07375256 (p < 6 × 10–5) methyla-
tion also predicting AWS associated seizures. We conclude that epigenetic methods can predict 
those likely to experience severe AWS and that the use of these or similar Precision Epigenetic 
approaches could better guide AWS management.
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Introduction

Between 2014 and 2018, alcohol use disorder 
(AUD) was present in 1 in 11 emergency room 
(ER) visits in the United States [1,2]. In each of 
these alcohol-related ER presentations, clinicians 
must assess potential for Alcohol Withdrawal 
Syndrome (AWS) with nearly 1.4 million of these 
ER patients being admitted in the hopes of pre-
venting severe AWS.

AWS is a syndrome of autonomic dysregula-
tion, neurologic and psychiatric signs, and symp-
toms that can begin a few hours or several days 
after a reduction or cessation in drinking [3]. 
Although generally mild, severe AWS can be fatal 
with hallucinations, delirium, and seizures being 
frequently observed [4]. Unfortunately, there is no 
generally accepted methods for determining who 
is at risk for AWS with only a minority of the 
admitted patients, between 2% and 7%, actually 
developing severe AWS [5,6]. As a result, 

clinicians tend to err on the side of caution and 
admit many patients who could otherwise be man-
aged in less restrictive care settings.

According to the American Society of Addiction 
Medicine (ASAM), the use of clinician administered 
scales such as The Prediction of Alcohol Withdrawal 
Severity Scale (PAWSS) or the Lübeck Alcohol with-
drawal Risk Scale (LARS) can be used for assessing 
risk of severe AWS [7,8]. However, in their review of 
530 studies of AWS, Wood and colleagues noted 
a potential for bias and a lack of independent valida-
tion of these AWS prediction scales [6]. Hence, there 
is a strong need for either independent validation of 
the clinical utility of these tools, or if not useful, the 
derivation of new measures capable of helping clin-
icians decide whether to admit a prospective patient 
for more intensive monitoring and/or treatment.

Advances in our understanding of the effect of 
alcohol on the methylome may provide a new 
measure to predict AWS. Specifically, in prior 
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work, we have shown that a metric composed of 
the unweighted Z-scores of the results from four 
methylation sensitive digital PCR assays 
(MSdPCR), referred to as the Alcohol T Score 
(ATS), is strongly correlated with other objective 
biomarkers of heavy alcohol consumption (HAC) 
and accurately predicted those who were admitted 
for residential treatment of AUD [9,10]. However, 
whereas this tool may be useful for predicting both 
chronic HAC and the biological consequences of 
HAC [11,12], the dynamic response time of the 
four loci is slow, with a half-time of reversion of 
the most responsive locus, cg04987734, being on 
the order of 3 months [9]. Whereas this slow 
dynamic may make the ATS useful for detecting 
chronic HAC, it may make the ATS less useful for 
other purposes. For example, if the vulnerability to 
AWS can develop in less time, the ATS may lack 
the required sensitivity for use as a useful clinical 
tool for predicting AWS.

Clinicians have long sought a useful tool for 
predicting AWS. But at the current time, there 
are at least two key barriers for training and testing 
a better method for predicting severe AWS. The 
first barrier is that the minimum amount and 
timing of alcohol consumption necessary to estab-
lish vulnerability to AWS is not known. In the 
early 1950s, Isbell and colleagues enrolled 10 sub-
jects in a study in which the subjects each ingested 
between 286 and 489 ml of 95% ethanol, based on 
body weight, for at least 7 and up to 87 days [13]. 
The four subjects who drank 34 days or less 
experienced clear signs of what we now term 
AWS but did not experience seizures or delirium 
tremens. However, of the six subjects who drank 
between 48 and 87 days, two had seizures and 
three had frank delirium. Similarly, in the early 
1960s, Mendelson and Ladou enrolled 10 subjects 
with ‘long histories of alcoholism’ but no history 
of seizures who had been abstinent for between 10 
and 37 days, into a protocol where the subjects 
ingested an average of 30 ounces of 86 proof 
alcohol for 24 consecutive days, then were mon-
itored signs of alcohol withdrawal [14]. Although 
numerous symptoms of AWS were noted to be 
present in these subjects, no seizures nor frank 
delirium were observed. Critically, both sets of 
investigators took pains to ensure their subjects 
had adequate nutrition, and it is important to 

note that the use of other substances that might 
affect the likelihood of severe AWS were not per-
mitted [15]. Therefore, although these older stu-
dies have significant limitations, they do indicate 
that a sustained period of heavy drinking for at 
least three to 4 weeks is necessary to induce vul-
nerability to AWS.

The second barrier to developing better tool for 
predicting AWS is that even if we could establish 
the minimum dose and timing of alcohol neces-
sary to become vulnerable to AWS, the ability of 
patients to accurately report their prior alcohol 
intake in clinical settings is less than optimal 
[16,17]. This problem is particularly exacerbated 
in the ER setting where involuntary hospitalization 
for AWS is being considered. Therefore, any clin-
ical tool solely based on self-report may have 
a high failure rate.

Potentially, a currently existing biomarker of 
alcohol use that captures the amount and chroni-
city of alcohol consumption relevant to AWS 
could be used to predict the likelihood of AWS. 
Specifically, both phosphatidyl ethanolamine 
(PEth) and carbohydrate deficient transferrin 
(CDT) assessments are now used in some clinical 
settings to assess recent alcohol use [18,19]. 
However, in 34 patients admitted for treatment 
of AWS, Novak and colleagues found that PEth 
levels were only modestly associated with severity 
of AWS and did not predict severe AWS [20]. 
Furthermore, Helander and associates note con-
siderable variation in PEth catabolism that may 
make it less suitable as biomarker for predicting 
AWS [21,22]. Similarly, examinations of the CDT 
have shown only modest power of the assay to 
predict severe AWS [23,24]. Therefore, although 
the ability of these biomarkers to predict more 
recent alcohol intake is not in question, it seems 
unlikely that either of these two biomarkers could 
serve as useful clinical tools for predicting AWS.

One reason for the failure of these two biomar-
kers to predict AWS may be the relatively short 
half-life of the two biomarkers. PEth has 
a elimination half-life of 4–10 days [21]. The 
CDT has half-life between 7 and 10 days [21,25]. 
If the window for assessing alcohol consumption 
needs to be longer, as suggested by the earlier 
studies of Isbell and colleagues, these assays may 
not be able to capture use during the period of 

2 A. ANDERSEN ET AL.



time critical to the induction of seizure 
vulnerability.

In 2019, we began a National Institutes of 
Health (NIH) Small Business Innovation 
Research (SBIR) project to identify methylation 
markers with reversion half-lives considerably 
less than those contained in the ATS. In this com-
munication, we report on the development of 
those markers using DNA and biomaterial from 
a previously conducted study. We then describe 
a prospective study of 125 subjects that tested the 
ability of an MSdPCR assay developed from that 
effort, along with the PAWSS, the ATS, and CDT, 
to predict features of severe AWS.

Materials and methods

Human subject methods for methylation locus 
discovery

The identification of rapidly reverting methyla-
tion loci used clinical data and biomaterials col-
lected from a study conducted between 2016 and 
2018. This effort, which collected subjects with 
HAC as they entered and exited alcohol treat-
ment, has been previously described with all pro-
tocols and procedures being approved by the 
Western Institutional Review Board (WIRB 
20,160,135) [9,26]. In brief, these subjects were 
recruited from one of the three Iowa inpatient 
treatment facilities near Iowa City in the years 
2016–2018. Each of these facilities offered detox-
ification services followed by a 21 to 28-day inpa-
tient alcohol treatment program. Any individual 
who: 1) was over the age of 18, 2) was capable of 
giving consent in English, 3) who was admitted to 
one of these facilities for treatment of current 
sustained alcohol dependence in the context of 
current alcohol intoxication and 4) expressed 
interest in our protocol to a member of their 
healthcare team was eligible to participate in the 
study. Potential subjects were not approached for 
intake into the study if they were still intoxicated 
or judged to be under the influence of other 
substances. After written informed consent for 
the study was obtained, each participant was 
interviewed with a series of instruments including 
the Substance Use Questionnaire [27]. After the 
interview process was complete, each participant 

was then given a contact card and urged to con-
tact the facility staff or the research assistant if 
they were interested in completing the exit inter-
view that was held as close to the discharge date 
as possible. Fifty four of the 143 individuals who 
participated in the intake interview also com-
pleted the discharge interview, which consisted 
of an updated Substance Use Questionnaire and 
phlebotomy.

Control subjects for this study were recruited 
from the University of Iowa via email. Any subject 
over the age of 21 who denied any use of alcohol 
or illegal substances, including cannabis, in the 
past year and denied a history of past substance 
abuse, except for tobacco use disorder, was eligi-
ble. After consent was obtained, these subjects 
were interviewed with the same instruments as 
the case subjects and then phlebotomized to pro-
vide biomaterials for the study. A total of 210 
participants enrolled in the control arm of the 
study successfully provided clinical and biomater-
ial for the study with a subset of 47 of these 
samples being used for this study. DNA for these 
and the above HAC subjects were prepared as 
previously described [9].

Methylation data for the identification of 
quickly reverting loci was conducted using intake 
(Time 1 or T1) and discharge (T2) samples from 
47 individuals with HAC described above. After 
preparation, genome-wide methylation assess-
ments using the Infinium MethylationEpic 
Version 1.0 were conducted by the Mayo Clinic 
Genomic lab (Rochester MN). The resulting data 
were then processed and cleaned using our normal 
procedures with a total of 824,807 probes for 45 
pairs of DNA samples’ surviving quality control 
[28–32]. The resulting M-values for these samples 
were then converted to beta values. The signifi-
cance of methylation change between T1 and T2 at 
each of the loci was then evaluated using Student’s 
T-Test, with the subsequent p-values adjusted for 
multiple comparisons by Bonferonni correction 
[33,34].

The sequence surrounding the primary candi-
date locus, cg07375256, was then downloaded 
from the UCSC Genome browser. Fluorescent 
methylation sensitive digital PCR primer probe 
sets were then generated for the locus using our 
proprietary methods as previously described [9].
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Human subject methods for collecting AWS test 
cohort

The Alcohol Withdrawal Syndrome (AWS) sub-
jects were patients who were admitted to the 
University of Iowa Hospital between May 2022 
and May 2023 for the management of alcohol 
withdrawal. All protocols and procedures used 
were approved by the University of Iowa 
Institutional Review Board (IRB 202,103,577). 
In brief, after detoxifying, subjects who expressed 
interest were approached by staff members and 
educated on the protocol, and if still interested, 
enrolled in the study. After written informed 
consent was received, subjects were interviewed 
with a REDCap administered battery including 
the PAWSS, a modified version of the Substance 
Use Questionnaire and a battery of AUD-related 
modules from the PhenX project [35], then phle-
botomized for preparation of DNA samples and 
serum CDT assays. Key outcome variables were 
ascertained through chart review by a University 
of Iowa psychiatry resident with experience in 
the treatment of AUD (BP). Each clinical chart 
review was then inspected by a University of 
Iowa faculty psychiatrist (AA). Both reviewers 
were blind to biological measure outcomes, and 
the study team had no role in choosing the 
treatment of study subjects. Clinical outcomes 
ascertained included the occurrence of seizures, 
hallucinations, amount of benzodiazepines (BZD) 
administered, administration of phenobarbital-in 
the case of severe AWS, and whether the use of 
the word ‘delirium tremens’ was used as 
a diagnosis in the medical record. Conversion 
of BZD dose to diazepam equivalents was done 
according to the method of Salzman and collea-
gues [36].

Control subjects were recruited from the 
University of Iowa community using emails 

targeting abstinent or non-abstinent individuals. 
After informed consent was received, these sub-
jects were also interviewed with a REDCap admi-
nistered battery including the Michigan Alcohol 
Screening Test (MAST), a modified version of 
the Substance Use Questionnaire, and a health 
history questionnaire, then phlebotomized 
[7,27,35].

ATS levels and MSdPCR assessment of 
cg07375256 levels were conducted using reagents 
and software from Behavioral Diagnostics 
(Coralville, IA) and from Bio-Rad (Hercules, CA) 
using our previously published methods 
[9,10,12,37]. Similarly, the smoking intensity at 
cg05575921, a generally accepted biomarker for 
smoking intensity [38], was assessed using 
reagents and software from Behavioral 
Diagnostics (Coralville, IA) and from Bio-Rad 
(Hercules, CA) according to our previously 
described methods [11].

Carbohydrate Deficient Transferrin levels were 
determined by Clinical Reference Laboratories 
(https://www.crlcorp.com/, Lenexa, KS) using 
capillary electrophoresis [39].

Data were analysed in R [40] using standard 
chi-squared tests, analysis of variance, and 
Kruskal-Wallis tests, as appropriate. To assess the 
utility of the ATS, Dcg07375256, and the PAWSS 
in predicting clinical outcomes, receiver operating 
characteristic (ROC) area under the curve (AUC) 
statistics were computed with the confidence inter-
val (CI) estimated by non-parametric bootstrap 
using the pROC package [41]. Except where indi-
cated, all p-values reported are nominal.

Results

Table 1 gives the clinical characteristics of the 45 
Locus Discovery subjects collected between the 

Table 1. Clinical characteristics of the subjects whose data were used to identify candidate markers.
Cases Abstinent Controls

Male Female Male Male Female

N 35 10 30 17
Age 43 ± 12 42 ± 10 48 ± 15 41 ± 11
Ethnicity

European American 31 9 28 17
African American 4 1 2

Drinks per day over past month 14.4 ± 9.5 15.6 ± 13.4 - -
Days between sampling 21.8 ± 4.7 22.3 ± 4.7 - -
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years 2016–2018 whose entry (T1) and exit (T2) 
DNA methylation values were used to identify 
quickly reverting DNA methylation loci. In brief, 
these HAC subjects tended to be in their early 40s 
with approximately 90% of the sample being 
European American (40 of 45). As per our 2019 
publication, these subjects had all reported drink-
ing almost every day for the 8 weeks prior admis-
sion and ingested approximately 15 standard 
drinks per day in the month prior to admission. 
Their first blood sample (T1) was taken between 2 
and 7 days after admission to the facility. 
The second sample was taken shortly before the 
study's exit approximately 3 weeks after the T1 
sampling.

The genome-wide methylation values from the 
45 paired DNA samples were evaluated with 
respect to two criteria. The first criterion was 
that the changes in DNA methylation be statisti-
cally significant. After Bonferroni correction, 
methylation at 18 loci were significantly different 
between intake and exit time points (see supple-
mental Table S1). The second criterion was that 
the absolute difference in beta values between the 
T1 and T2 timepoints be at least 5%. This is 
because MSdPCR values have a fixed lower limit 
of precision and we wished to maximize signal-to- 
noise ratios. Of the 824,807 probes tested, seven 
had changes ≥ 4.7% (Table 2) Table 2 lists the 
seven loci that had an absolute difference of 
DNA methylation values of 4.7%. Although all 
seven of these loci had changes in methylation 
that were nominally different, after Bonferroni 
correction, only one locus, cg09807356 had signif-
icantly different between study entry and exit.

Since five of the seven loci were also profiled in 
our prior examination of alcohol reversion that 
used a previous generation of Illumina methyla-
tion array, we examined the differences in DNA 

methylation between the entry and exit found in 
those samples as listed in Supplementary Table S2 
of that 2014 study [27]. Interestingly, the direc-
tionality of change in methylation was the same at 
all five loci with cg07375256 also having an abso-
lute difference of 5.6% between study intake and 
exit in that study as well suggesting that methyla-
tion at this locus reliably changed as a function of 
abstinence from alcohol (see Table 2).

We then developed an MSdPCR for the 
cg07375256 locus because it had at least nominally 
significant changes of > 5% in both the current and 
2014 studies. According to the University of Santa 
Cruz Genome browser, the CpG targeted by this 
probe maps to intron 7 of ZSCAN25 on 
Chromosome 7 [42]. Figure 1 illustrates the rela-
tionship between DNA methylation at cg07375256 
as determined by the Dcg07375256 MSdPCR assay 
(which is termed Dcg07375256 to distinguish it 

Table 2. Leading candidates from initial screening efforts to identify rapidly reverting loci.
Illumina ID Gene T1-T2 Difference P-Value Bonferroni 2014 T1-T2 Difference2

cg27546431 MYO1C 0.074213 1.14E–05 NS 0.010645
cg09807356 GALNS 0.066176 2.09E–10 0.000178 0.028749
cg12389043 CCDC92 0.052147 3.31E–07 NS 0.013004
cg07692435 0.051218 4.34E–06 NS
cg07375256 ZSCAN25 [1] 0.051036 3.28E–07a NS 0.056552
cg18424841 0.049764 0.000133 NS 0.034717
cg21281638 C7orf26 0.046891 1.26E–05 NS

aZSCAN25 is previously referred to as ZNF498. 
bThe values for 2014 T1-T2 difference are taken from supplemental table S2 in Philibert et al., 2014. 

Figure 1. The correlation between the Illumina probe assess-
ment and the MSdPCR assessments at the Alc12 locus (n = 90) 
using the Dcg07375256 assay. Overall, the r = 0.92 with the 
dynamic range of the ddPCR being considerably greater than 
that of the methylation array.
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from the array measurements) in 45 pairs of T1 
and T2 DNA samples from our 2019 study. 
Overall, the correlation between the methylation 
values derived from the array (cg07375256) with 
those from Dcg07375256 assay correlated well 
with a (r = 0.92). Consistent with the development 
of prior MSdPCR markers [9,11], the range for the 
Dcg07375256 values was greater than that for the 
Illumina array probe.

Figure 2 illustrates the reversion of DNA 
methylation in these subjects as a function of 
inpatient enforced abstinence from alcohol while 
Table 1 provides the clinical characteristics of this 
subset of subjects from our 2019 study. At study 
intake (T1), subjects had an average methylation of 
39.6% ± 8.8%. By 3 weeks, methylation at that site 
had decreased to 34.9 ± 5.8% (T1 vs T2; p <  
0.0001). For reference, the average methylation at 
this locus in 47 abstinent controls was 28.2 ± 4.7%.

Table 3 lists key demographic and clinical vari-
ables for the AWS subjects collected between May 
of 2022 and May of 2023 to test whether the 
PAWSS, ATS or Dcg07375256 (ZSCAN25) assay 
predicted severe AWS, as well as a comparison 
sample of community-dwelling controls collected 
simultaneously. Each of the subjects was phlebo-
tomized between 1 and 6 days of admission with 
the average length of time from admission to 
blood draw being less than 2 days (1.7 ± 1.2  
days). Nearly 75% of the AWS subjects were 
male (93 of 125) with both male and female 

subjects being in their mid-forties. The vast major-
ity (94%) were European American. The self- 
reported rate of lifetime smoking was high with 
nearly 60% of subjects reporting smoking at least 
100 cigarettes in their lifetime. Although 
a noticeable fraction (18%) of the subjects reported 
less than five drinks per day over the past month, 
nearly two-thirds (66%) reported drinking 10 
drinks or more per day over the past month. In 
comparison, the control group was demographi-
cally similar in terms of age and ethnicity but did 
not show a male preponderance. Only three out of 
the n = 133 control subject reported consuming 
more than four drinks per day on average in the 
past month, and their MAST scores were largely 
below the cut-off of 5 indicating concern for exces-
sive alcohol consumption.

Figure 3 illustrates the relationships between 
key study variables among the AWS subjects listed 
in Table 3. Corresponding correlation values and 
significance levels are available in Supplemental 
Table S1. Age was significantly associated with 
drinks per day, PAWSS score, cg05575921 levels, 
and ATS values. Biological sex was associated both 
with self-reported drinking and cg05575921 indi-
cated smoking intensity. Self-reported drinking 
was associated with age, sex, and PAWSS score. 
PAWSS levels were associated with age, self- 
reported drinking levels, having a BAC of greater 
than 200 mg/dl at admission and total BZD 
dosage. BAC levels were only associated with 

Figure 2. Methylation at cg07375256 in HAC subjects at study intake (T1) and exit (T2), and in abstinent controls (n = 46, all groups).
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PAWSS scores. CDT levels were associated with 
Dcg07375256 (ZSCAN25) and phenobarbital 
administration, which is used at the University of 
Iowa and elsewhere to treat more severe cases of 
AWS [43]. Dcg05575921 levels were associated 
with ATS scores, CDT levels, phenobarbital 
administration, and seizures. Diazepam dosing 
was associated with PAWSS and self-reported 
drinking levels. Phenobarbital administration was 
associated with CDT levels, Dcg05575921 values, 
and seizures. Seizures were associated with ATS 
scores, Dcg05575921 methylation, and phenobar-
bital administration. The occurrence of hallucina-
tions was not associated with any study variable. 
Intensive Care Unit (ICU) admission was strongly 
correlated with age and weakly correlated with the 
occurrence of seizures. Finally, a chart diagnosis of 
delirium tremens (DTs) was modestly correlated 
with BZD dose and the presence of hallucinations.

Our study examined the ability of four predictor 
variables, PAWSS, ATS, CDT, and Dcg07375256 
(ZSCAN25), to predict key clinical outcomes. The 
first outcome variable was the use of medications. 
Figure 4 illustrates the relationship between each 
of these three predictors and one of the four 

treatment groups, 1) controls (not treated), 2) clin-
ical observation of AWS subjects without the use 
of medications, 3) use of only BZD for the AWS 
subjects or 4) use of phenobarbital with or without 
the use of BZD for the AWS subjects. PAWSS was 
associated with the use of BZD but not the use of 
phenobarbital. ATS levels were not associated with 
either treatment group. CDT strongly predicted 
the use of Phenobarbital rather than just BZDs 
(Kruskal-Wallis of comparison of the use of 
BZDs vs the use of Phenobarbital, p < 0.002). 
Finally, Dcg07375256 levels were also strongly 
associated with the use of phenobarbital (Kruskal- 
Wallis of comparison of the use of BZDs vs the use 
of Phenobarbital, p < 0.01).

Seven alcohol-related seizures were observed 
among the AWS subjects during the study, includ-
ing two in the BZD-only treated group and five in 
the phenobarbital-treated group, while none 
occurred in the non-medication treated group, 
and the difference in frequency of seizures 
between treatment groups was significant (chi- 
square = 18.37, df = 2, p < 0.001). Note that our 
control subjects were not clinically observed and 
their seizure history was not collected. Figure 5 

Table 3. Clinical characteristics of alcohol withdrawal subjects and new controls.
Cases Controls

Female Male Male Female

N 32 93 67 70
Age in years (SD) 47.4 ± 15.4 44.4 ± 13.3 43.9 ± 14.3 39.0 ± 17.0
Hispanic Race (may be > one) 1 1 5 4

Native American 1 5 0 0
Asian 0 0 5 3
African American 1 3 2 2
Hawaiian 0 0 0 0
European American 31 87 61 64
Other 0 2 0 1

Prefer not to answer 0 1 0 1
Lifetime ≥100 cigarettes 13 60 - -
Smoked ≥1 PPD in last month 4 22 1 0
Drinks per day in past month

0 to 4 10 12 65 68
5 to 9 8 12 2 1
10 to 14 5 25 0 1
15 to 19 2 18 0 0
20 or more 6 26 0 0
Not reported 1 0 0 0

Median days since last drink 2 2 - -
MAST Score (SD) - - 2.5 ± 1.0 3.3 ± 1.9
Key Outcomes

No BZDs given 6 26 - -
BZD given 26 77 - -
Phenobarbital given 2 17 - -
Seizures 0 7 - -
Hallucinations 4 11 - -
ICU Admission 0 8 - -
Delirium Tremens 0 8 - -
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illustrates the relationship of PAWSS, ATS, CDT, 
and Dcg07375256 values to seizures among the 
AWS subjects. ATS and Dcg07375256 were highly 
significantly associated with the occurrence of sei-
zures (Kruskal–Wallis p < 0.001 and p < 6× 10−5). 
In contrast, there was no relationship of PAWSS 
or CDT values to the occurrence of seizures.

Finally, ROC AUCs were computed for the 
PAWSS, ATS, and Dcg07375256 as predictors 
of treatment group (no medication, BZD only, 
phenobarbital) and the occurrence of seizures. 
The PAWSS demonstrated fair performance 
(0.744, 0.607–0.866) in predicting administra-
tion of BZD vs. no treatment, but essentially 
no ability (0.561, 0.457–0.692) to predict the 
administration of phenobarbital vs. BZD only. 
The ATS was not able (0.569, 0.426–0.732) to 

predict the administration of BZD vs. no treat-
ment, or phenobarbital vs. BZD only (0.580, 
0.468, 0.721). In contrast, Dcg07375256 showed 
fair ability (0.737, 0.555–0.894) to predict the 
administration of phenobarbital vs. BZD only, 
but not BZD vs. no medication (0.571, 0.461– 
0.698). For seizures, the PAWSS showed poor 
ability to predict their occurrence (0.615, 0.490– 
0.817), whereas the ATS showed good (0.818, 
0.692–0.935) and Dcg07375256 showed excel-
lent (0.955,0.890–0.991) discrimination.

Discussion

Because it is a potentially life threatening condi-
tion, generations of clinicians have sought to 
develop better methods for predicting serious 

Figure 3. The correlation of study variables to each other. * = p < 0.05, ** p < 0.01, *** p < 0.001. Age is expressed in years. Sex is 
binary variable whether or not the subject is male. Drinks scale is an ordinal variable with higher score indicating greater intake. 
PAWSS is prediction of alcohol withdrawal syndrome scale. BAC > 200 indicates if a breathalyser value greater than 200 mg/dl was 
noted at admission. CDT is carbohydrate transferrin levels. Cg05575921 is DNA methylation at that smoking related locus. ATS is 
alcohol T score. ZSCAN25 is DNA methylation per the Dcg07375256 described herein. Diazepam equivalents is the sum total 
equivalent of all benzodiazepines administered during hospitalization for AWS. Phenobarbital is a binomial variable indicating 
whether or not phenobarbital was given during hospitalization for AWS. Seizures, hallucinations, admission to the ICU, and delirium 
tremens (DTs) are binomial variable for the presence of those symptoms.
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AWS. In this communication, we provide strong 
evidence that methylation at cg07375256, a CpG 
site in ZSCAN25, is associated with seizures and 
the decision to administer phenobarbital to 
patients who have been admitted for observation 
and/or treatment of AWS. As such, if replicated, 
these findings suggest that this method could be 
used to determine the level of monitoring that is 
needed for any patient admitted for consideration 
of AWS.

A hallmark of AWS is autonomic instability. 
Therefore, the finding that cg07375256 maps to 
the transcription start site region of ZSCAN25 
(previously known as ZNF498), a gene encoding 
a zinc finger protein previously associated with 
hypertension, fits well to our clinical understand-
ing of AWS [44]. Still, it is important to realize 
that associations are not causations, and that even 
in our examination of entry and exit methylation 
in 45 pairs of DNA samples, methylation at 18 

Figure 4. The relationship of predictor (PAWSS, ATS, CDT and ZSCAN (Dcg07375256)) values to treatment group. ZSCAN25 
methylation and CDT values are given in percent. ATS and PAWSS have no unit values. Because control subjects were not 
administered the PAWSS, their values are not considered in that section of the analyses. Kruskal-Wallis p-values are given for 
each indicated contrasts.
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other loci also significantly reverted during the 
three-week period of hospitalization-induced 
abstinence. Furthermore, the methylation changes 
observed were in WBCs, not the neuronal or vas-
cular tissue mediating the autonomic instability or 
occurrence of seizures. Therefore, a truly thorough 
understanding of the relationship of changes of 
DNA methylation to the more global clinical 
signs and symptoms of AWS will likely require 
more in-depth integrated human/animal model 
studies. Still, these data demonstrating that 
Dcg07375256 methylation can predict serious 

AWS course (seizures, phenobarbital administra-
tion) are highly suggestive that these efforts would 
be fruitful.

The substantial reversion of methylation at 
cg07375256 within a three-week period (see 
Figure 2) in the DNA samples from our 2014 and 
2019 studies [9,27] (see Table 2 and Figure 2) may 
suggest the reason why other biomarkers have 
failed or perform more poorly in predicting serious 
AWS. Both CDT and Peth have relatively short 
half-lives, on the order of 7–10 days, and 4–10  
days, respectively [21,25]. Although the earlier 

Figure 5. The relationship between predictor (PAWSS, ATS, CDT and ZSCAN (Dcg07375256)) levels and presence (1) or absence (0) of 
seizures. N = 7 for the seizure group, 116 for the no seizure group. ZSCAN25 methylation and CDT values are given in percent. ATS 
and PAWSS have no unit values. Kruskal-Wallis p-values are given for each indicated contrasts.
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pioneering works of the Isbell and Mendelson 
groups are somewhat limited, they do suggest that 
long periods of sustained heavy drinking, on the 
order of 15 drinks per day for more than 3 weeks is 
necessary to become vulnerable to serious AWS. If 
so, the short window of time recognized by the 
CDT and PEth assays may be insufficient to capture 
the critical period of usage. At the other extreme, 
the markers in the ATS, were calibrated to predict 
chronic HAC, which was defined as drinking at 
least eight drinks per day for at least 6–8 weeks. 
As a consequence of this selection for more sus-
tained drinking, the markers in the ATS panel all 
have reversion half-lives of 3 months or more [9]. 
But in this study, the ATS only modestly predicts 
seizures and does not significantly predict the like-
lihood of the patient receiving phenobarbital. This 
suggests that the longer half-life markers are also 
unsuited for ideally predicting AWS. The methyla-
tion half-life of cg07375256, which appears to be 
approximately 3–4 weeks based off these and our 
2014 studies, may be at the happy medium and 
thereby particularly well suited to capture heavy 
sustain alcohol consumption during the critical 
time window in which induction of vulnerability 
to severe AWS takes place. Further studies to better 
understand the reversion of alcohol-induced DNA 
methylation changes in response to alcohol absti-
nence and the biology of AWS could shed addi-
tional insight.

Still, it is important to realize that while 
Dcg07375256 methylation seems to predict severe 
AWS outcomes such as seizures or the choice of 
clinicians to use phenobarbital, there may be other 
methylation markers or combination of methyla-
tion markers that predict better. For example, we 
choose to develop an MSdPCR marker for 
cg07375256 instead of cg09807356, based on our 
experience as clinical translational scientists. It 
may well be that an MSdPCR assay targeting 
cg09807356 or a combination of the two assays 
or other clinical variables might predict outcomes 
even better. Furthermore, seizures and use of phe-
nobarbital are only two of several types of indica-
tors of severe AWS outcome. It may be that 
a broader predictor set may help to foretell other 
severe outcomes, such as delirium tremens, better.

Although it is likely that the level of alcohol 
needed to induce vulnerability to DTs or other 

severe outcomes may be similar to that for sei-
zures, there may be other co-factors, such as the 
absence of key vitamins or genetic variation, that 
influence the likelihood of severe AWS outcomes 
such as seizures and DTs differently. Determining 
the presence of these additional factors may be 
a challenging endeavour. We note that the pre-
sence of hallucinations alone was not associated 
with any other clinical factor examined, suggesting 
routine clinical assessment of this symptom alone 
may be of limited utility, perhaps owing to its 
subjective nature.

At first glance, the finding that PAWSS values 
were associated with total benzodiazepine dose 
and BAC levels is intriguing. However, the 
PAWSS questionnaire specifically asks whether 
patients have used downers, including benzodiaze-
pines, and have a BAC level of greater than 200  
mg/dl. As such, the positive association of the 
PAWSS with these two variables may just reflect 
part-whole correlations, or alternatively, the ten-
dency of patients who have received benzodiaze-
pines in the past to manifest behaviours so that 
they receive them in the current hospitalization. 
Nevertheless, the failure of the PAWSS to predict 
any severe outcomes in this study suggests that its 
clinical utility may be limited.

A striking finding is the lack of association of 
seizures, the use of phenobarbital and any of the 
four biological markers of alcohol consumption 
(BAC, the ATS, the CDT, and Dcg07375256), with 
subject reports of alcohol consumption. Although 
other interpretations are possible, the most parsimo-
nious explanation is that the subject reports of their 
alcohol consumption are not reliable. Indeed, in our 
clinical experience (BP, AA, and RP), we have found 
that patients often misrepresent their alcohol use 
history. Although others may disagree, in our 
research experience, we standardly employ multiple 
biomarkers of alcohol consumption including the 
CDT and epigenetic biomarkers to assess alcohol 
use in our subjects and routinely find much stronger 
relationships between biomarkers of alcohol use to 
one another and to key outcomes than to those 
found with self-report [10,12,45]. When considering 
the circumstances in which most of the subjects in 
this study were presented, this is certainly under-
standable. Specifically, originally, many of the sub-
jects did not willingly present for treatment and may 
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fear the information being used against them, they 
may be reluctant to fully disclose their past usage of 
alcohol. Or even more understandably, the subjects 
in this study simply may not remember how much 
they drank. This should not be surprising. For exam-
ple, even under the best of circumstances, dietary 
reports by sober patients have high rates of error 
[46,47]. Given the level of chronic intoxication that 
many of these subjects report, our subjects simply 
may not recall how much they have been drinking or 
how long they have been drinking. In any case, it is 
clear that in this study the biological variables (CDT, 
ATS, and Dcg07375256) tend to be positively asso-
ciated with one another, while self-report of alcohol 
use only correlates with, unsurprisingly, scales such 
as the PAWSS that are based in part on self-report.

A strength of this study is the use of MSdPCR to 
assess cg07375256 status. A substantial barrier 
impeding the use of PEth as a biomarker is the 
need for mass spectroscopy for the most accurate 
determinations [18,22]. As a result, PEth determi-
nations are done only in specialized testing set-
tings thus making the likelihood of receiving test 
results in clinically meaningful time frame moot. 
Similarly, the CDT levels used in this study were 
determined using capillary electrophoresis [39]. 
Although the machinery for these determinations 
appears to be more widespread than those for 
PEth, none of the local hospitals that we surveyed 
directly offered the testing service and instead 
relied on third party national testing companies, 
such as LabCorp (https://www.labcorp.com/), to 
provide the assessments. In contrast, MSdPCR 
can be done in a matter of hours by any laboratory 
with access to a digital PCR system. In prior years, 
these dPCR systems were uncommon. However, 
over the past year, five manufacturers have entered 
the dPCR market with the list price of the most 
affordable systems being under $90,000. As such, 
there have been a growing number of FDA 
approved and Laboratory Developed Tests (LDT) 
designed for these systems.

Limitations of this study include that it is 
a naturalistic approach of the care by dozens of 
clinicians that required individual review of 
patients’ charts by the study team. As a result, 
it is possible that variation in provider beha-
viour could have affected study outcomes. It is 
also a single-site study of largely European 

American subjects from a relatively high socio-
economic status catchment area. Additionally, 
the subjects’ in-hospital clinicians were not 
members of the study team and thus some 
variability in charting of diagnoses and clinical 
outcomes was likely introduced. The number of 
seizure cases was also very small. Replication 
and extension in much larger dataset will be 
necessary to arrive at firm conclusions as to 
the robustness of the findings. In the case of 
more complex diagnostic criteria, such as those 
for delirium tremens (DTs), the lack of a firm 
operational case definition and variation in 
charting may also have weakened our ability to 
detect associations between cg07375256 methy-
lation and clinical outcomes. Finally, and per-
haps obviously, the use of BZDs and 
phenobarbital likely forestalled many severe 
events that would have occurred in the absence 
of treatment.

Obviously, the next steps in this line of endea-
vour are to enlarge both the size and diversity of 
the sample, while considering whether adding 
additional clinical information or biological pre-
dictors will aid prediction. Specifically, it may be 
that the addition of more methylation markers 
increases the power to predict severe AWS. 
Furthermore, whereas we are pleased that all sub-
jects in our study survived to discharge, we note 
that even with good treatment, severe AWS can be 
fatal [48]. Still, understanding whether this 
approach also predicts mortality will be critical.

In summary, we report that methylation status 
at cg07375256 predicts severe AWS outcomes and 
AWS-related seizures. Independent testing in lar-
ger, more diverse populations are in order.
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