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permeability: a meta-analysis quantifying
the lactulose:mannitol ratio in coeliac
and Crohn’s disease
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Abstract

Background: A widely used method in assessing small bowel permeability is the lactulose:mannitol test, where the
lactulose:mannitol ratio (LMR) is measured. However, there is discrepancy in how the test is conducted and in the val-
ues of LMR obtained across studies. This meta-analysis aims to determine LMR in healthy subjects, coeliac and Crohn'’s
disease.

Methods: A literature search was performed using PRISMA guidance to identify studies assessing LMR in coeliac or
Crohn'’s disease. 19 studies included in the meta-analysis measured gut permeability in coeliac disease, 17 studies

in Crohn’s disease. Outcomes of interest were LMR values and comparisons of standard mean difference (SMD) and
weighted mean difference (WMD) in healthy controls, inactive Crohn’s, active Crohn’s, treated coeliac and untreated
coeliac. Pooled estimates of differences in LMR were calculated using the random effects model.

Results: Pooled LMR in healthy controls was 0.014 (95% Cl: 0.006-0.022) while pooled LMRs in untreated and treated
coeliac were 0.133 (95% Cl: 0.089-0.178) and 0.037 (95% Cl: 0.019-0.055). In active and inactive Crohn'’s disease,
pooled LMRs were 0.093 (95% Cl: 0.031-0.156) and 0.028 (95% Cl: 0.015-0.041). Significant differences were observed
in LMR between: (1) healthy controls and treated coeliacs (SMD =0.409 95% Cl 0.034 to 0.783, p=0.032), (2) healthy
controls and untreated coeliacs (SMD =1.362 95% Cl: 0.740 to 1.984, p<0.001), (3) treated coeliacs and untreated
coeliacs (SMD =0.722 95% Cl: 0.286 to 1.157, p=10.001), (4) healthy controls and inactive Crohn's (SMD = 1.265 95% Cl:
0.845 to 1.686, p <0.001), (5) healthy controls and active Crohn’s (SMD =2.868 95% Cl: 2.112 to 3.623, p<0.001), and (6)
active Crohn's and inactive Crohn’s (SMD = 1.429 (95% Cl: 0.580 to 2.278, p=10.001). High heterogeneity was observed,
which was attributed to variability in protocols used across different studies.

Conclusion: The use of gut permeability measurements in screening and monitoring of coeliac and Crohn's disease
is promising. LMR is useful in performing this function with significant limitations. More robust alternative tests with
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higher degrees of clinical evidence are needed if measurements of gut permeability are to find widespread clinical

use.

Keywords: Coeliac, Crohn’s disease, Lactulose Mannitol test, Gut permeability

Background

There is emerging evidence that disturbances in gut
barrier function play an important role in gastroin-
testinal (GI) diseases such as coeliac disease, inflam-
matory bowel disease (IBD), environmental enteric
dysfunction, and in conditions outside the GI tract such
as schizophrenia, autism and Parkinsons Disease [1, 2].
Current established methods of measuring gut perme-
ability in patients include the lactulose:mannitol (L:M)
test, lactulose:rhamnose (L:R) test, chromium-51 labelled
ethylenediamine tetraacetic acid (Cr-EDTA) assay, poly-
ethylene glycol (PEG) test, use of Ussing chambers,
analysis of haematological markers such as zonulin, and
analysis of bacterial markers such as systemic lipopoly-
saccharide (LPS) [2]. Despite the various options avail-
able to measure gut permeability, their use in clinical
settings is still limited [2].

For the practising clinician, a reliable gut permeabil-
ity assay could potentially provide a new way to monitor
established diseases such as IBD and coeliac disease, and
to develop a better understanding of functional gut dis-
orders (FGDs). FGD is currently used as a ‘catch-all’ term
for poorly understood gastrointestinal conditions and
treated as a diagnosis of exclusion. The impact of FGD
on health systems is not to be underestimated. Globally,
it affects 11% of the population and accounts for 20% to
50% of gastroenterology outpatient work [3]. A better
appreciation of the link between gut permeability and
FGD would aid the clinician in tackling this multi-faceted
condition in a more effective manner.

One of the widely used methods to measure small
bowel permeability is the L:M test, in which, after a
period of fasting, subjects are asked to drink a solute
containing the two sugars lactulose and mannitol. Uri-
nary excretion of both lactulose and mannitol are then
measured several hours after ingestion of solute, and the
lactulose:mannitol ratio (LMR) is calculated as an indica-
tor of permeability [4].

The L:M test is useful as both sugars are passively
absorbed from the intestine, not extensively metabolised,
and excreted unchanged in urine in proportion to the
quantities absorbed [4]. The smaller sugar alcohol mol-
ecule (mannitol) is assumed to permeate transcellularly
through the water pores of the membrane, whereas the
larger disaccharide molecule (lactulose) is assumed to
permeate paracellularly through the tight junctions [5].
In states of increased gut permeability, lactulose would

traverse through the paracellular spaces, cleared by glo-
merular filtration, not undergo selective reabsorption,
and present itself in higher levels in urine, thus leading to
an increased LMR.

The L:M test is thought to be a good representa-
tive of gut permeability as measurements using a single
molecule do not account for confounding factors such
as intestinal transit time, gastric emptying rate, renal/
hepatic function or total urinary excretion [6]. By tak-
ing the ratio of excretion of two molecules, the effects of
these confounding factors can be eliminated [7].

Although the L:M test has been in use since the 1970s
[8], it suffers from limitations, particularly in subjects
where longitudinal urine collection is challenging (e.g.
infants [9] and patients with reduced urinary output
[10]). Furthermore, absolute LMR values for the small
bowel in healthy subjects and in disease are not yet estab-
lished. To address this issue, we performed a meta-analy-
sis to quantify LMR values in healthy participants and in
various states of coeliac and Crohn’s disease, two condi-
tions in which altered gut permeability is observed. The
results of this meta-analysis are presented below, and
variations in the methods used to conduct the L:M test
are also explored. To the best of our knowledge, there
are not many meta-analyses presented on the L:M test
in coeliac and Crohn’s disease. The results highlight the
limitations of the test and the improvements required to
bring measurements of gut permeability into larger scale
clinical use.

Methods

A systematic review was conducted according to the
recommendations in the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) state-
ment [11]. This study has been registered with the Inter-
national Prospective Register of Systematic Reviews
(PROSPERO) (PROSPERO ID CRD42021259836). Prior
to conducting the meta-analysis, the eligibility criteria,
description of intervention, and comparison and out-
come of interest were established. The literature search
was conducted by two independent reviewers.

Eligibility criteria

We included all observational studies, cross-sectional
studies, cohort studies and trials pertaining coeliac and
Crohn’s disease. We excluded papers that did not report
absolute LMR values as well as in vitro studies, animal
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studies, and studies where sample groups were mixed
(e.g. Crohn’s plus ulcerative colitis). Studies had to be
published in peer reviewed journals and the search was
not restricted by language.

Literature identification

In January 2020, with the help of a medical librarian, liter-
ature searches were conducted using the following data-
bases: Embase (1988-2020); Ovid MEDLINE In Process
& Other Non-Indexed Citations and Ovid MEDLINE
(1946 to Present); and Cochrane Database of Systematic
Reviews. Terms and/or abbreviations to describe coeliac,
Crohn’s disease and gut permeability were combined into
a search strategy textbox. Free-text terms were then used
in various combinations to ensure a complete search in
the databases mentioned above. The combined searches
relating to gut permeability in coeliac and Crohn’s disease
were explored using the terms ‘and’ and ‘or’ The following
search terms were used: “permeability’, “leaky or leaki-
ness’, “lactulose mannitol’; “inflammatory bowel disease
or IBD’, ‘Crohn’s Disease, ‘coeliac disease;, ‘Crohn’s’; and
“coeliac” The search strategies are presented in Addi-
tional file 1: Appendix 1, 2 and 3.

Study selection

The titles and abstracts of the search were then screened.
Full text articles or abstracts of potentially relevant refer-
ences in the articles also underwent review. Conference
abstracts and papers with no full texts available were
excluded. The study selection process was performed by
two independent reviewers who were blinded (JG and
SN), and any disagreements were resolved by a third
author (HA). JG and SN appraised quality independently.

Data extraction

The following information was extracted from the studies
chosen by JG and SN: number of patients, study objec-
tives, study methodology, results, type of population,
L:M study protocol, type of solute given to subjects, urine
collection time, method of urine analysis and LMR val-
ues. Data extracted were then tabulated in Microsoft
Excel and the study outcomes were reviewed by a third
reviewer (AT).

The primary study outcomes were Standardised Mean
Differences (SMD) of LMR values in healthy controls,
treated coeliac patients, untreated coeliac patients,
patients with active Crohn’s disease, and patients with
inactive Crohn’s disease. The secondary outcomes were
comparisons of use of different concentrations of lactu-
lose and mannitol (5 parts lactulose to 2 parts mannitol,
and 2 parts lactulose to 1 part mannitol) in the aforemen-
tioned groups.
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Risk of bias assessment

Randomised control trials (RCTs) were assessed using
the Cochrane Risk of Bias tool [12], while non-ran-
domised trials were assessed using the Risk Of Bias In
Non-randomised Studies of Interventions tool (ROB-
INS-I) [13]. ROBINS-I was also used for cohort studies
as per Cochrane recommendations [14]. The Newcastle
Ottawa Score (NOS) was used for case control and cross
sectional studies [15]. The risk of bias in all studies was
assessed by two independent reviewers. The parameters
assessed in cohort and case control studies included
study design, outcome measurements, representative-
ness of cases, control selections, ascertainment of expo-
sure, and follow up rate. Using the ROBINS-I assessment
tool, potential bias was assessed pre-intervention, at
intervention and post intervention. For studies assessed
using the NOS tool, a single bias value was calculated for
each study.

In the NOS assessment, a score of <3 indicates poor
quality, 4-6 moderate quality, and >7 good quality. The
ROBINS-I tool ranks the risk of bias in studies as ‘low
risk, ‘moderate risk, ‘serious risk, ‘critical risk’ or ‘no
information’ The findings from the two assessors were
evaluated by a third reviewer.

All three modes of assessment were performed by J.G
and S.N, and any disagreements were resolved by con-
sensus and discussion with the other authors.

Statistical analysis

Stata 15 (StataCorp. 2017. Stata Statistical Software:
Release 15. College Station, TX: StataCorp LLC) was
used for the statistical analysis reported in this study. All
analyses were performed using a random effects model
in response to expected heterogeneity of data collected.
In order to calculate weighted mean and standard mean
values of LMR, values of LMR reported in individual
studies were pooled into healthy controls, patients with
untreated coeliac disease, patients with treated coeliac
disease, patients with active Crohn’s and patients with
inactive Crohn’s disease. The definition of active Crohn’s
and inactive Crohn’s in individual papers are listed in
Additional file 1: Table S1.

The Weighted Mean Difference (WMD) and Standard
Mean Difference (SMD) of LMR were calculated between
controls and treated coeliac, controls and untreated coe-
liac, treated and untreated coeliac, controls and inactive
Crohn’s disease, controls and active Crohn’s disease, and
active and inactive Crohn’s disease. This approach cal-
culated overall weighted mean and standard mean dif-
ferences (i.e. incorporating all relevant studies included
in this meta-analysis) and also ascribed an individual
weighted mean and standard mean difference for each
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individual study with 95% Confidence Intervals (ClIs).
The weighted mean differences refer to the pooled esti-
mates, with the ’weighted’ component referring to
the different weights applied to each study (or each
patient/participant group) in the overall calculation. This
was done to accommodate the different sizes (participant
number) of studies included in this meta-analysis and
the different sizes of patient/participant groups within
studies. Weighted mean differences and weighted mean
values were calculated in line with principles set out by
Egger et al. [16].

Meta-analysis of summary estimates of proportions
was also calculated for overall LMRs and sensitivities
and specificities using conventional methodology. All
results for pooled estimates were presented with 95%
CIs. I? values were calculated to assess heterogeneity. P
values were calculated using the chi-squared test, and the
results were considered significant for P<0.05. We note
that for studies in which paired data were reported (i.e.
where LM ratios were measured before and after treat-
ment), pre- and post-treatment LMR values were simply
allocated into the appropriate groups (i.e. paired data was
not treated differently to unpaired data).

A bivariate model for diagnostic meta-analysis was
used to compute pooled sensitivity and specificity data
where available. The relationship between sensitivity and
specificity was assessed using a hierarchical summary
receiver operating characteristic (SROC) model. SROC
curves were utilized to convey the diagnostic test per-
formance and a prediction region curve was also plotted.
Trapezoidal integration was used to calculate the pooled
area under the curve (AUC), where 0.5 implies that a test
was equally likely to diagnose a positive result as either
positive or negative and a value of 1.0 indicates a ‘per-
fect’ test that gives a 100% correct diagnosis. A pooled
AUC value of 0.75 or above represents a test with good
accuracy [17]. The ‘gold standard’ test that we used for
the sensitivity and specificity assessment was intestinal
biopsy. It is noted that this dataset is the only aspect of
the study analysed using Diagnostic Test Accuracy (DTA)
methodology and hence the results in this paper as a
whole was analysed as a conventional meta-analysis.

Results

Search results and study description

After performing general searches for the relevant sub-

jects and combining them, 377 abstracts were extracted

from Medline, 569 abstracts were found in Embase and

190 in the Cochrane. After duplicates were removed, we

found that the total number of relevant abstracts was 633.
50 abstracts were found to be relevant to coeliac dis-

ease. Of these, a further 31 studies were excluded as per

the exclusion criteria discussed above, meaning that a
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total of 19 coeliac disease studies were selected for anal-
ysis. We found that 97 studies were relevant to Crohn’s
disease. Of these, 80 studies were excluded according to
the exclusion criteria discussed above. Hence, a total of
17 Crohn’s disease studies were included in this meta-
analysis. These results are summarised in the PRISMA
flow diagrams (Additional file 1: Fig S1 and S2).

The selected studies pertaining gut permeability in
Crohn’s disease and coeliac disease are tabulated in
Additional file 1: Tables S1 and S2 respectively [18-51].
Altogether, there were 15 studies that investigated gut
permeability in Crohn’s disease specifically using the L:M
test, 17 studies that investigated gut permeability in coe-
liac disease specifically using the L:M test, and 2 studies
that investigated both Crohn’s and coeliac using the L:M
test.

Meta-analysis of results

For the studies included in this meta-analysis, the aver-
age mean ages (i.e. the average value of the mean ages
reported in each study) and average age ranges (i.e. aver-
age minimum age to average maximum age) reported
for healthy controls, patients with Crohn’s disease, and
patients with coeliac disease were 28.02 (range: 15.2—
44.8) years, 30.5 (range: 16.2—49.2) years and 32.6 (range:
14.7-50.7) years respectively. The median LMR values
and weighted and standard mean difference values calcu-
lated for each study are presented in Tables 1 and 2. In
studies where the median LMR value was unavailable, the
mean value was used. Standard deviation values associ-
ated with each LMR presented in Tables 1 and 2 were
either as stated in the individual studies, or if unavail-
able, were derived from the published range, interquar-
tile range (IQR), 95% CI or standard error of mean (SEM)
using established statistical methods [52, 53].

Pooled analysis of gut permeability results in healthy
subjects analysed in 24 studies (Fig. 1) revealed a LMR
value of 0.014 (95% CI: 0.006 to 0.022). In untreated and
treated coeliac patients (Fig. 2A, B), the pooled LMR val-
ues were 0.133 (95% CI: 0.089 to 0.178) and 0.037 (95%
CI: 0.019 to 0.055) respectively. In inactive Crohn’s dis-
ease (Fig. 3A), the pooled LMR 0.028 (95% CI: 0.015
to 0.041), while in active Crohn’s disease (Fig. 3B), the
pooled LMR was 0.093 (95% CI: 0.031 to 0.156).

LMR comparisons in coeliac disease

The SMD and WMD in LMR between healthy controls
and treated coeliac disease (4 studies) was 0.409 (95%
CI: 0.034 to 0.783, p=0.032, Additional file 1: Fig S3A)
and 0.009 (95% CI 0.003 to 0.014, p=0.001, Additional
file 1: Fig S3B) respectively. The SMD and WMD in LMR
between healthy controls and patients with untreated
coeliac disease (9 studies) were calculated as 1.362 (95%
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Fig. 1 Forest plot showing pooled LMR values (weighted mean) in healthy subjects

CIL: 0.740 to 1.984, p<0.001, Additional file 1: Fig S3C)
and 0.090 (95% CI: 0.054 to 0.126, p<0.001, Additional
file 1: Fig S3D) respectively. The results exhibited high
heterogeneity for comparison between healthy controls
and untreated coeliac (I>=84.8%), but this was not the
case not for the comparison between healthy controls and
treated coeliac (I2=31.7%). The SMD and WMD in LMR
between treated and untreated coeliac disease (6 stud-
ies) were 0.722 (95% CI: 0.286 to 1.157, p =0.001, Addi-
tional file 1: Fig S3E) and 0.101 (95% CI: 0.040 to 0.162,
p=0.001, Additional file 1: Fig S3F) respectively, and the
results were found to be heterogenous (I>=72.9%).

LMR comparisons in Crohn’s disease

11 studies were included in comparisons of LMR values
in Crohn’s disease. 9 studies were included in the pooled
random effects analysis of LMR in healthy controls
versus inactive Crohn’s disease, revealing a SMD and
WMD of 1.265 (95% CI: 0.845 to 1.686, p <0.001, Addi-
tional file 1: Fig S4A) and 0.017 (95% CI: 0.012 to 0.022,
p<0.001, Additional file 1: Fig S4B) respectively. 5 stud-
ies comparing healthy controls and active Crohn’s disease

were identified, showing a SMD and WMD in LMR of
2.868 (95% CI: 2.112 to 3.623, p<0.001, Additional file 1:
Fig S4C) and 0.078 (95% CI: 0.049 to 0.107, p<0.001,
Additional file 1: Fig S4D) respectively. High heterogene-
ity was observed in both comparisons (I* values of 85.8%
and 71.8% respectively). 3 studies were included in the
comparison of active and inactive Crohn’s disease, show-
ing a SMD and WMD of 1.429 (95% CI: 0.580 to 2.278,
p=0.001, Additional file 1: Fig S4E) and 0.042 (95%
CI: 0.021 to 0.063, p<0.001, Additional file 1: Fig S4F)
respectively, and the results were found to be heterog-
enous (12=74%).

Subgroup comparisons using different solutes

We also sought to examine if there were any differ-
ences in the results obtained when using different
lactulose:mannitol ratios in the solutes given to patients
during the L:M test. The solutes used in the studies cited
here can be broadly divided into ratios of 5:2 (5 parts
lactulose to 2 parts mannitol) and 2:1 (2 parts lactulose to
1 part mannitol).
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Fig. 2 Forest plots showing pooled LMR (weighted mean) values in coeliac disease. A Untreated coeliac disease. B Treated coeliac disease

A % B

Study ES (95% CI) Weight %

1

Vilela et al. 2008 —_— 0.02(-0.03,0.07) 6.82 Study ES (95% Cl) Weight
Sturniolo et al. 2001 —L—’— 0.04 (-0.07, 0.15) 1.38

Dinca et al. 2006 —— 003(000,006)  17.86

Buhner et al. 2006 = 0.03 (-0.00, 0.05) 22.85

Diinca. et al 1999a — 0.05 (-0.01,0.10) 5.47 Marcilio et al. 1998 —t————+—— 0.20(-0.05,045)  6.36
Dinca. et al 19990 —_— 003(-001,006)  13.42

Swanson. et al 2011 0.08 (-0.14,0.31) 0.35 Dastych et al 2008 - 0.08 (-0.04,0.19)  28.86
Wild et al. 2003a _t 005(0.08,019) 096

Wild et al. 20030 —.— 0.03(-0.07,0.12) 196 Wild et al. 2003 T 0.09(-0.01,0.19)  38.01
Garcia Vilela et al. 2008 —_ 002(003,007 682

Sigalet et al. 2013 —_— 0.08 (-0.10, 0.16) 1.02 Sigalet et al. 2013 —_— 0.06(-0.11,0.23)  13.46
Zamora et al. 1999 T —— 0.03 (-0.06, 0.11) 240

Andre et al. 1988 —_— 007(006,021) 099 Andre et al. 1988 - 0.13(-0.04,0.30)  13.31
Benjamin et al. 2012a —_— 0.07 (0.0, 0.19) 1.08

Berjamin et al 20125 007(006,020) 103 Overall (I-squared = 0.0%, p = 0.881) <> 0.09(0.03,0.16)  100.00
Hilsden et al. 1999 —— 002(-0.02,005 1560

Overall (1-squared = 0.0%, p = 1.000) [0} 0.03(0.01,004) 100.00

NOTE: Weights are from random effects analysis
NOTE: Weights are from random effects analysis . .
T T
-307 0 307 -.448 0 448
Fig. 3 Forest plots showing pooled LMR values (weighted mean) in Crohn’s disease. A Inactive Crohn’s disease. B Active Crohn'’s disease

5:2 solute used in Crohn’s and coeliac disease

Using 5:2 solutes, the SMD and WMD in LMR between
healthy controls and untreated coeliac disease (6 studies)
were found to be 1.495 (95% CI: 0.549 to 2.441, p=0.002)
and 0.072 (95% CI: 0.033 to 0.11, p<0.001) respectively.
This was associated with high heterogeneity (I>=89.6%).
In treated versus untreated coeliac disease (2 studies),
the SMD and WMD in LMR were 0.401 (95% CI: —0.003
to 0.806, p=0.052) and 0.107 (95% CI:—0.097 to 0.311,
p=0.305) respectively. This was associated with low
heterogeneity (I>=25.6%). Only one study was found in
which healthy controls were compared with treated coe-
liac patients using 5:2 solutes and hence no analysis was
done for this.

In studies comparing patients with Crohn’s disease and
healthy subjects, 4 studies were found using 5:2 solutes.
The SMD and WMD in LMR between inactive Crohn’s
disease and healthy controls (2 studies) were 0.284 (95%
CI: —0.273 to 0.841, p=0.318) and 0.003 (95% CI: — 0.005
to 0.011, p=0.486) respectively. The heterogeneity of
results was low (I>=0%). The analysis of SMD and WMD
in LMR between active Crohn’s disease and healthy con-
trols (2 studies) revealed a difference 2.941 (95% CI: 0.156
to 5.725, p=0.038) and 0.099 (95% CI: —0.048 to 0.246,
p=0.186) respectively, and the results were highly het-
erogeneous (I>=91.3%). Only 1 study was found where
inactive versus active Crohn’s was compared using the 5:2
solute and hence no analysis was done for this.
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2:1 solute used in Crohn’s and coeliac disease

9 studies investigated the difference in LMR between
healthy controls and coeliac disease using the 2:1 solute.
Comparing healthy controls against untreated coeliac
disease (4 studies), the SMD and WMD in LMR were cal-
culated as 1.737 (95% CI: 0.701 to 2.773, p=0.001) and
0.103 (95% CI: 0.038 to 0.167, p=0.002) respectively.
This was associated with high heterogeneity (I>=85.9%).
Comparing LMR in healthy controls against treated coe-
liac disease in 3 studies revealed a SMD and WMD of
0.604 (95% CI: 0.212 to 0.997, p=0.003) and 0.009 (95%
CI: 0.004-0.014, p <0.0001) respectively, which was asso-
ciated with low heterogeneity (I>=0%). Analysis of SMD
and WMD in LMR between treated and untreated coe-
liac patients (4 studies) revealed a difference of 0.992
(95% CI: 0.200 to 1.645, p=0.012) and 0.103 (95% CI
0.061 to 0.144, p<0.001) respectively, and this was asso-
ciated with high heterogeneity (I* =81.3%).

9 studies performed comparisons of LMR in patients
with Crohn’s disease using the 2:1 solute. Analysis of 6
studies comparing SMD and WMD in healthy controls
and inactive Crohn’s disease revealed a change of 1.442
(95% CI: 0.944 to 1.941, p<0.001) and 0.018 (95% CI:
0.014-0.023, p<0.001) respectively which was associ-
ated with high heterogeneity (I*=88.3%). 3 studies were
found comparing healthy controls and active Crohn’s dis-
ease, and analysis revealed SMD and WMD in LMR of
3.312 (95% CI: 2.257 to 4.366, p<0.001) and 0.089 (95%
CIL: 0.056 to 0.121, p<0.001) with high heterogeneity
(I*=73%). Only 1 study was found where inactive ver-
sus active Crohn’s was compared using the 2:1 solute and
hence no analysis was done for this.

Sensitivity and specificity analysis

We analysed the sensitivity and specificity based on the
available data in the papers included in our review. 4
studies reported diagnostic accuracies for the L:M test in
screening for coeliac disease. The sensitivity and speci-
ficity data are presented in Additional file 1: Table S4.
Pooled specificity (Additional file 1: Fig S5A) was calcu-
lated as 0.700 (95% CI: 0.551-0.849), and pooled sensi-
tivity (Additional file 1: Fig S5B) was calculated as 0.829
(95% CI: 0.682—-0.976). However, the overall heterogene-
ity for sensitivity and specificity was high (I*=94.3% and
78.4% respectively).

Sensitivity and specificity values for coeliac disease
were also calculated based on a SROC curve (Additional
file 1: Fig S5C). The pooled, weighted AUC was calculated
as 0.88 (95% CI: 0.85-0.91). Based on the SROC graph,
the estimated positive likelihood ratio was 4.0 (95% CI:
1.5-10.6) and the estimated negative likelihood ratio was
0.15 (95% CI: 0.04-0.6). The estimated diagnostic odds
ratio was 27 (95% CI: 4—194). The estimated sensitivity
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and specificity from the SROC graph were 0.89 (95% CL:
0.62-0.97) and 0.78 (95% CI: 0.51-0.92) respectively, in
agreement with the pooled results reported above.

Sensitivity and specificity analysis were not performed
for Crohn’s disease due to paucity of data in the studies
included in our meta-analysis.

Risk of bias assessment

In 19 studies where the Newcastle Ottawa Score was used
to assess bias, 7 studies had low risk, and 12 had mod-
erate risk. Risk of bias was assessed using the Cochrane
Risk of bias tool in 4 RCT studies, and we found that 1
studies had low risk of bias, 2 had moderate risk of bias
and 1 study had high risk of bias. 14 studies were assessed
using the ROBINS-I tool, and we found that 1 study had
low risk of bias, 9 studies had moderate risk of bias and 4
studies had serious risk of bias. The detailed assessments
of bias in each domain using the NOS and ROBINS-1
are presented in the Additional file 1: Tables B1-B4, Fig
S6-S9.

Discussion

Overall, this meta-analysis demonstrates that despite
considerable heterogeneity in the data, there are signifi-
cant differences in LMR between healthy subjects and
patients with either coeliac or Crohn’s disease. There
are also significant differences in LMR between treated
and untreated coeliac, and active compared to inactive
Crohn’s disease.

These results hold true even when different L:M sol-
ute ratios are used. Altogether, there were 18 studies that
used a 2:1 ratio of lactulose to mannitol, and 13 studies
that used a 5:2 ratio. While no previous studies have per-
formed direct comparisons of the data obtained using
different solute ratios, we found that standard mean dif-
ferences in LMR were larger when using the 2:1 ratio
than the 5:2 (although high heterogeneity in the data
means that this observation should be taken with cau-
tion, and statistical significance was not observed). How-
ever, the numbers in each subgroup were small, which
may explain the mixed significances and heterogeneities
observed. Nevertheless, this raises the possibility that the
heterogenous nature of our results could be attributed to
the different L:M solute ratios used, along with other fac-
tors such as assay method, time of fasting before the sol-
ute is administered, and urine collection times.

Musa et al. found no significant difference in LMR
when comparing prolonged urine collection time (5 h)
with urine collected over a 2 h period [54]. In the same
study, they also found no significant differences when
using two different analysis methods: high-performance
anion exchange chromatography with derivatization-free,
pulsed amperometric detection (HPAE-PAD); and liquid
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chromatography with tandem mass spectrometry (LC-
MSMS) [54]. This concurred with results from Akram’s
earlier study regarding urine collection, which found no
significant differences in LMR when urine was collected
over 2 and 6 h [55]. Camilleri et al., on the other hand,
found that LMR based on urine collections over 8—-24 h
were significantly higher than those for collections times
of 0-2 h [6]. Interestingly, a study by Sequeira and col-
leagues suggested that differences in temporal patterns
of excretion of lactulose and mannitol can be minimised
if the urine collection period is restricted to 2%-4 h after
solute ingestion [4].

In relation to analysis platforms used for quantifica-
tion of urinary lactulose and mannitol, Lee et al. found
that LC-MSMS provides more accurate measurements
than HPAE-PAD [56]. They subsequently recommended
the former to be used in L:M studies. Nonetheless, cur-
rent evidence surrounding the variable protocols used in
L:M studies (e.g. in terms of the analysis platforms, sol-
ute ratios and urinary collection times used) is mixed,
and more studies are required to elucidate the optimal
method for performing this test.

Despite the variability and heterogeneity observed, we
found significant differences in LMR between healthy
controls and untreated coeliac disease. Patients with
active coeliac disease are known to have flat mucosa,
increased villous height, and increased paracellular per-
meability due to wider tissue junction pores and release
of pro-inflammatory cytokines [57-59]. Gluten is
thought to activate zonulin signalling, which opens up the
tight junctions, causing increased paracellular permeabil-
ity [60]. The role of gut permeability in the pathogenesis
of coeliac disease is currently poorly understood, but it is
thought that it might act to self-sustain the inflammatory
response and perpetuate a vicious cycle [61]. Regardless,
the increased permeability leads to an increase in lactu-
lose excretion into urine, resulting in significantly higher
LMR values than those observed in healthy subjects.

Differences in LMR between treated and untreated
coeliac disease were also observed and found to be sig-
nificant, with the change in LMR observed across all coe-
liac studies included in this review. These changes need
to be analysed with caution, however, as the results were
heterogenous and the 95% confidence interval was fairly
wide (0.029-0.218).

There were also significant differences between the
LMR values observed in treated coeliac disease and
healthy controls, implying that it may take some time
before mucosal integrity returns to baseline. A study
by Cummins et al. showed (via the L:R test) that gut
permeability improves after 2 months on a gluten free
diet (GFD), but that it takes up to 6 months before vil-
lous recovery is observed [62]. Duerksen and colleagues
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demonstrated that more than 80% of coeliac patients on
GED for at least a year exhibited reduced gut permeabil-
ity, although permeability only returned to normal levels
in 48% of patients (10/21) [63]. Rajani et al. (one of the
papers included in this analysis) reported no significant
difference in LMR between healthy controls and coeliac
patients who followed a GFD for a year [44]. Similarly,
Vogelsang et al. (another paper included in this analy-
sis) also reported no significant difference in LMR when
comparing healthy subjects against coeliac patients
who had a median of 44 months on a GFD [35]. How-
ever, LMR values were significantly different (healthy vs.
treated coeliac) in the studies published by Vilela et al.
(1 year of GFD) [19] and Ukabam et al. (5-8 months of
GFD) [38]. Thus, current evidence points towards the
role of a GFD in improving gut permeability and restor-
ing gut integrity after more than 12 months.

Another important finding in this review is the pres-
ence of significant differences in LMR between healthy
controls and both active and inactive Crohn’s disease.
Moreover, significant differences were also observed
between active and inactive Crohn’s patients. While the
pathogenesis of Crohn’s disease is multifactorial and
the link to gut permeability is still not well understood,
a study in 2019 using three-dimensional tissue culture
models demonstrated that epithelial barrier dysfunc-
tion may be caused by Tumour Necrosis Factor (TNF)-a
induced tight junction modulation and involvement of
the c-Jun N-terminal protein kinase mitogen-activated
protein kinases (JNK MAPK) signalling pathway [64].
Furthermore, altered gut permeability is surmised to be
present at the early stages of disease, as increased para-
cellular permeability was found even in patients with
quiescent IBD where endoscopic activity was absent
[65]. Techniques other than the L:M test have also been
used to assess gut permeability in Crohn’s disease. For
example, in a recent study, a moderate positive correla-
tion was found between excreted Chromium-52 labelled
ethylenediamine tetraacetic acid (**Cr-EDTA) and faecal
calprotectin levels (a known marker of gut permeability)
in Crohn’s patients [66]. Similarly, the use of zonulin [67],
Ussing chambers [68], and PEG tests [69] have also dem-
onstrated increases in gut permeability in Crohn’s dis-
ease. Thus, our findings are in agreement with the above
studies and provide further evidence for the importance
of gut permeability in Crohn’s disease.

Interestingly, the differences in LMR between controls,
active and inactive Crohn’s disease were smaller than
those observed for untreated coeliac disease. This may
indicate that the breakdown in epithelial barrier func-
tion is more pronounced in coeliac disease than it is in
Crohn’s. Despite this, there was again significant hetero-
geneity in the difference values observed between control
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and active Crohn’s disease, and between inactive and
active Crohn’s disease. This further indicates that obser-
vations made with the L:M test need to be taken with
caution.

There are many advantages of the L:M test in measur-
ing gut permeability. It is easy to perform, inexpensive
and non-invasive. Our data also suggests that this test is
associated with high sensitivity, making it a useful tool
in screening for coeliac disease. (Sensitivity and specific-
ity analysis was not performed for Crohn’s disease as the
necessary data was not available in the papers included
in our review). The L:M test was the method of choice in
the MAL-ED study, which investigated the link between
gut permeability and environmental enteropathy in chil-
dren across 8 countries [70]. However, there is great vari-
ability in how the test is performed and our meta-analysis
has revealed considerable heterogeneity in the results
obtained. Interestingly, Ordiz et al.—who conducted the
L:M test in 1669 rural Malawian children—surmised that
the strong direct correlation between percentage lactu-
lose and percentage mannitol excretion does not support
the use of mannitol as a normalising factor for lactulose,
and that using percentage lactulose excretion alone actu-
ally yields more information about gut integrity than
LMR ([71]. In addition, L:M measurements performed
by Camilleri et al. indicated that LMR at 0-2 h may in
part reflect colonic permeability and not exclusively small
bowel permeability. They have hence recommended that
measurements of small bowel permeability using urine
collected in the L:M test over 0—6 h should be treated
with caution [6].

While there are clear limitations to the L:M test, the
quantification of gut permeability in coeliac and Crohn’s
disease reported here highlights a potential route for cli-
nicians to better understand other gastrointestinal con-
ditions where current diagnostics can be improved. For
example, as larger changes in LMR were obtained in
coeliac disease than in the Crohn’s disease (relative to
healthy controls), this implies the possibility to stratify
patients according to their gut permeability. Similarly, as
differences were observed between treated and untreated
patients, this suggests an opportunity to monitor for
signs of relapse in a non-invasive manner (i.e. without the
need for endoscopy). Thus, quantifying gut permeability
may provide an avenue for the practising clinician to bet-
ter assess patients with FGDs. Indeed, there is promise in
utilising gut permeability values to improve management
of this complex group of patients in either the primary
care setting or the gastroenterology clinic. Nonetheless,
we stress that the results of our meta-analysis do not
necessarily suggest that the L:M test is currently suit-
able for this purpose. The high heterogeneity observed
across groups and datasets means that it is unlikely that
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the L:M test will find widespread clinical use in its cur-
rent form (and indeed explains why it has not done so
to date). Hence, if assessment of gut permeability is to
find widespread use in the diagnosis of FGDs, Crohn’s,
coeliac or other conditions then it is highly likely that
improved diagnostic tools/methods (or at the very least
improved protocols for deployment of the L:M test) will
be required.

Limitations

The main limitation of this meta-analysis is the hetero-
geneity of our results, which is likely to be explained by
the variations in how the L:M test was performed (and by
physiological variations across individuals). A list of pro-
tocol variations that may have caused the heterogeneity is
presented in Additional file 1: Table S3. It is also difficult
to directly assess the results of the two different solutes
used due to the heterogeneity in most of these compari-
sons. In one of the studies [18], both 5:2 and 2:1 lactulose:
mannitol ratios in the solutes were given to patients dur-
ing the L:M test, making it more difficult to compare the
differences in LMR results between the two solutes. Fur-
thermore, most studies that were available and included
in the meta-analysis were at significant risk of bias. There
are also variations in the way sensitivity and specificity
were measured. As shown in Additional file 1: Table S4,
due to the heterogenous nature of the L:M test, differ-
ent cut-off point values were used in included studies
for diagnosis of disease. There were also not many stud-
ies that assessed the value of the L:M test as a screening
measure in coeliac or Crohn’s disease. In terms of data
analysis, DTA was only applicable on one subset of the
data (Additional file 1: Fig S5). Overall, there was insuf-
ficient data available to perform a diagnostic accuracy
meta-analysis.

Another limitation in this meta-analysis is in the varia-
bility in how active or inactive Crohn’s was defined as evi-
denced in Additional file 1: Table S1. Crucially, however,
most of these limitations are inherent to the L:M test
itself. Thus, the fact that our results were heterogeneous
highlights these important limitations to the L:M test and
reveals that improvements are required if it is to be more
widely used for clinical assessment of gut permeability.

Overall, this review has quantified the diagnostic
value of the L:M test and reported the LMR values in
healthy subjects, treated and untreated coeliac dis-
ease, and inactive and active Crohn’s disease. In addi-
tion, it provides a quantification of the heterogeneity
in LMR values observed in these disease states. Our
analysis demonstrates that there is potential value in
measuring gut permeability in both Crohn’s and coeliac
disease, and it provides an insight into the role of gut
permeability in the pathogenesis of both conditions.
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Importantly, however, it also highlights the limitations
in the L:M test and the need for both improved proto-
cols and alternative diagnostic tools.

Conclusion

Gut permeability is significantly impaired in untreated
coeliac and Crohn’s disease. Gut barrier function is
then recovered as patients are treated appropriately.
These changes can be observed using the L:M test and
this meta-analysis reports pooled LMR values in both
diseases. While the L:M test can provide good diagnos-
tic accuracy and offers some insight into gut permeabil-
ity, it is limited by the lack of standardisation and the
length of time required to conduct the test. Thus, if the
L:M test is to find wider clinical use, then an optimised,
standardised protocol needs to be determined and
used. Even if this is achieved, the limited use of the L:M
test may persist due to physiological variations between
subjects and limitations in the accuracy of the test
caused by changes in the permeation of mannitol. As
such, there is a strong case for the development of new
diagnostic tools that can provide faster, more accurate
and more reliable quantification of gut permeability in a
minimally or non-invasive manner. Such devices would
have potential in monitoring progression/resolution of
diseases such as coeliac and Crohn’s, and in identifying
patients at risk of relapse. This is particularly true in the
paediatric population, where difficulties when using the
L:M test were experienced because of the logistics asso-
ciated with the test [9, 54]. There is now an improved
understanding of the increasing use of gut permeability
analysis in patient care, and as a result, there is a con-
comitant need for robust evidence to develop this field
for its next stage of healthcare innovation.
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