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Abstract 
Background and Aims: Treatment adherence is key to the efficacy of exclusive enteral nutrition [100% EN] in active Crohn’s disease [CD], but 
there are no biomarkers to objectively estimate this. We explored faecal parameters as biomarkers of compliance with 100% EN, and subse-
quently developed and validated the Glasgow Exclusive Enteral Nutrition Index of Compliance [GENIE].
Methods: Healthy adults replaced all [100% EN] or part [85% EN, 50% EN, 20% EN] of their diet with a formula for 7 days. Faecal pH, water 
content, short chain fatty acids, and branched chain fatty acids [BCFAs] were measured before [D0] and after [D7] each intervention. Optimal bio-
markers and threshold values were derived using receiver operating characteristic curve analyses and machine learning to develop the GENIE. 
The GENIE was then validated in 30 CD children, during and after 100% EN.
Results: In all, 61 adults were recruited. D7 faecal pH and the ratios of BCFAs to either acetate or butyrate performed the best to differentiate 
between patients on 100% EN from <100% EN. Two models were generated; one included faecal metabolites (Laboratory GENIE, L-GENIE; 
sensitivity, specificity, and positive predictive value [PPV] of 88%, 94%, and 92%) and a second one [Clinical Genie, C-GENIE] which considers 
only faecal pH [sensitivity, specificity, and PPV of 84%, 86%, and 81%]. Validation of GENIE in CD children found that C-GENIE outperformed 
L-GENIE, producing a sensitivity, specificity, and PPV of 85%, 88%, and 88%, respectively.
Conclusions: GENIE can help predict adherence to 100% EN and may complement current conventional dietary assessment.
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1. Introduction
Enteral nutrition [EN] is used for nutritional support to pa-
tients with undernutrition,1 and exclusive enteral nutrition 
[100% EN] as therapy in children with active Crohn’s disease 
[CD]2 and eosinophilic oesophagitis.3 Nonetheless, there are 
currently no objective biomarkers to assess compliance with 
100% EN, an issue of increasing importance to achieving op-
timal nutritional or disease treatment outcomes.4 In routine 
clinical practice and in research, compliance with 100% EN 
is assessed using conventional dietary assessment method-
ology such as food diaries or dietary recalls, which are prone 
to misreporting bias.5 Thus, there is an unmet clinical need 
and strong interest towards the development of objective 
biomarkers to assess compliance with dietary interventions. 
A recent study found that the presence of gluten immuno-
genic peptides [GIP] in faeces of patients with coeliac disease 
may be used as an objective biomarker of recent gluten con-
sumption, and by proxy compliance with a gluten-free diet.6 
Similar biomarkers of compliance with 100% EN would 
allow the clinical team to promptly recognise non-compliant 
patients and modify treatment plans accordingly. We have re-
cently shown that GIP could be one of such biomarkers of 
compliance in children with CD during 100% EN treatment 
with a gluten-free formula.4 However, GIP is suitable to detect 
dietary transgressions only if gluten-containing products are 
consumed close to the point of assessment.

Short chain fatty acids [SCFAs] are produced in abun-
dance in the colon from fermentation of fermentable fibre, 
whereas the very small amounts of branched chain fatty acids 
[BCFAs] produced are end-products of bacterial metabolism 

of branched-chain amino acids, particularly increasing in the 
absence of dietary fibre in the gut.7,8 When used as 100% 
EN, consumption of fibre-free EN formula decreases the 
faecal concentrations of SCFAs while in parallel increasing 
the amounts of BCFAs and luminal pH in healthy adults,9 
and in children with CD.10 The dependence of these faecal 
parameters on host diet, and in particular dietary fibre, make 
them potential candidate biomarkers to assess compliance 
with 100% EN. The present study evaluated the use of faecal 
parameters as putative biomarkers of compliance with EN in 
healthy adults, and subsequently validated findings in a co-
hort of children with active CD during treatment with 100% 
EN and also after return to normal diet.

2. Methods
2.1. Study design
Healthy adults [>18 years] were recruited from the local 
community via poster advertisement and word of mouth. 
Participants were eligible if they had stable weight [±2 
kg] in the past month, no underlying health conditions re-
quiring regular medical consultations, no previous gut sur-
gery, and no antibiotic, prebiotic/probiotic supplement, or 
steroid use in the past 3 months. Participants were allo-
cated to one of the four groups and were asked to replace 
all [ie, 100% EN] or part [85% EN, 50% EN, 20% EN] 
of their daily energy requirements with a fibre-free poly-
meric EN formula [Modulen IBD, Nestle©] for 7 days. To 
increase compliance with the intervention and improve ac-
curacy of dietary assessment, participants were provided 
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with all their preferred meals free of charge. Allocation to 
each group was based on each participant’s personal choice, 
to maximise intervention adherence. Energy requirements 
were calculated using estimated basal metabolic rate11 and 
self-reported physical activity levels. Dietary intake was re-
corded during the intervention with estimated weight food 
diaries and any leftover EN formula tins were returned to 
the researchers to further cross-check EN intake. Energy in-
take from both habitual diet and EN was calculated using 
WinDiets [version 10, Robert Gordon University, Aberdeen, 
UK].

2.2. Faecal sample collection and measurements
Fresh faecal samples [entire bowel movement] were collected 
from each participant at two time points: before [D0] and 
after [D7] of the 7-day intervention . Following homogenisa-
tion with mechanical kneading, faecal pH in 1:3 w/v slurry, 
% water content following freeze drying,9 and Bristol Stool 
Chart score12 were measured. The concentrations of faecal 
fatty acids [FAs] including SCFAs (acetate [C2], propionate 
[C3], and butyrate [C4]), and BCFAs (isobutyrate [IC4] and 
isovalerate [IC5]) were measured with gas chromatography 
with flame ionisation detector and quantified against au-
thentic standards.9 Data were expressed per wet matter and 
dry matter, following lyophilisation, and as relative abun-
dance [%] to total FAs or SCFAs.

2.3. Development of the Glasgow Exclusive 
Enteral Nutrition Index of Compliance
For the development of the Glasgow Exclusive enteral 
Nutrition Index of compliancE [GENIE] we used a dual 
methodological approach; a conventional one based on re-
ceiver operating characteristics [ROC] curve analysis and an 
innovative one using machine learning prediction. ROC curve 
analysis determined optimal cut-off values for group assign-
ment, using D7 faecal parameters and their changes from 
D0 [Δ]. Sensitivity, specificity, positive [PPV], and negative 
predictive values [NPV] were calculated to identify optimal 
cut-off values to differentiate between groups [ie, 100% EN 
vs < 100% EN]. In the machine learning approach, decision 
trees for group assignment were generated using the recursive 
partitioning method ‘rpart’ implemented in R.13

2.4. Validation of GENIE in children with Crohn’s 
disease
Validation of the GENIE models was carried out in a subset 
of 30 children with CD who participated in the iPENS study 
[www.clinicaltrials.gov, identifier: NCT04225689]. From 
these children, faecal samples were collected the week prior 
to the end of 8-week treatment with 100% EN [100% EN 
samples] and again 4 weeks after completion of 100% EN 
treatment and return to normal diet [<100% EN samples]. 
A total of 55 faecal samples [n = 30 during 100% EN and 
n = 25 post-EN on normal diet] were collected in which faecal 
pH, SCFAs, and BCFAs were measured. Since the EN formula 
the patients received [Modulen IBD, Nestle©] was gluten-free, 
faecal GIP, a highly sensitive and specific objective biomarker 
of recent gluten consumption, was measured as a proxy of 
compliance with 100% EN and with the intention to select 
only patients who were the most likely to be on 100% EN.4,6 
Any samples from the 100% EN group with detectable GIP 
were excluded from analysis.

2.5. Statistical analysis
Data analyses were performed in Minitab Version 19 
[Minitab, Coventry, UK] and R version 4.1.2. Normally 
distributed data were presented with mean and standard 
deviation [SD] and not normally distributed data with 
median and interquartile range [Q1-Q3]. Between- and 
within-group comparisons were performed with general 
linear models using Box-Cox transformation and post 
hoc pairwise Fisher’s least significant difference tests, ac-
counting for subject effect, when appropriate. Categorical 
variable comparisons were performed with the chi square 
test. Univariate linear regression analysis with 10-fold cross-
validation was performed to identify D7 faecal parameters 
and their changes from D0 [Δ] predictive of self-reported 
EN intake, expressed as percentage of total energy intake 
[%]. Multivariate regression analysis including only signifi-
cant predictors from univariate analyses and accounting for 
co-linearity with 10-fold cross-validation, was carried out 
using stepwise backward elimination. Statistical significance 
was set at p <0.05.

2.6. Ethical permissions and compensation
The study protocol in healthy people was approved by 
the University of Glasgow Research Ethical Committee 
[Reference: 200130161] and in children with CD by the 
West of Scotland Research Ethics Committee [Reference: 
19/WS/0163]. All participants provided informed consent 
and received £100 in shopping vouchers as participation 
compensation.

3. Results
A total of 61 [31 females, 30 males] healthy volunteers were 
recruited [n = 25 to 100% EN, and n = 12 to each of the 
85% EN, 50% EN, and 20% EN groups]. All participants 
completed the intervention and provided baseline [D0] and 
follow-up [D7] faecal samples. There were no differences be-
tween the groups in age, gender, anthropometry, energy re-
quirements at study enrolment, or total energy intake during 
the study course [Table 1] Participants’ intake [EN intake/
total energy intake] did not differ from the one prescribed 
[Table 1]. Participants’ body weight did not change following 
each intervention [all p-values >0.05 for within-group pair-
wise comparisons].

3.1. Faecal sample parameters and the effect of 
interventions
There were no significant differences in any faecal param-
eters measured between groups at D0 [Supplementary Table 
1]. Following the 100% EN intervention, the Bristol Stool 
Chart score, faecal water content, and the relative abun-
dance [%] of C2 and C3 decreased, whereas the absolute 
concentrations [μmol/g] of IC4, IC5, and total BCFAs sig-
nificantly increased [Supplementary Table 1]. Likewise, fol-
lowing both the 100% EN and 85% EN interventions, the 
absolute concentrations of C2, C4, SCFAs, and FAs and the 
relative abundance of C4 and that of total SCFAs decreased, 
whereas the relative abundance of the individual and total 
BCFAs increased. Fewer changes were observed in the 50% 
EN and 20% EN groups [Supplementary Table 1]. Faecal pH 
increased in all but the 20% EN group, in a dose-dependent 
manner [Figure 1].
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When considering only the D7 samples, faecal pH was 
the only parameter which differed between the four groups 
and in all pairwise comparisons [Supplementary Table 1]. Of 
interest, faecal pH increased from D0 to D7 in all participants 
after 100% [n = 25] and 85% [n = 12] EN, in 83% [10 of 12] 
of participants after 50% EN, and in 50% [6 of 12] of parti-
cipants after 20% EN. The 7-day absolute concentrations of 
C2, C3, C4, total SCFAs, and total FAs differed significantly 
between the 100% EN or 85% EN group compared with the 
50% EN or 20% EN group, but not between the 100% EN 
compared with the 85% EN group [Supplementary Table 
1]. Likewise, the Bristol Stool Chart score, water content, 
relative abundance of IC4, IC5, and total BCFAs, and their 
ratios against SCFAs, differed between the 100% EN group 
compared with all the other groups, including the 85% EN 
[Supplementary Table 1].

3.2. Prediction of intake of EN from faecal 
parameters
Univariate linear regression analyses were carried out using 
faecal parameters as predictors and EN intake relative to re-
ported energy intake [%] as a response variable. Both D7 
parameters and their changes from D0 [Δ] were considered. 
Single D7 parameters performed best, hence only these 
were considered for further analysis and are presented here 
[Supplementary Table 2].

Faecal pH was the strongest predictor of the proportion of 
EN intake, explaining 62% of % EN variance [Supplementary 
Table 2]. Significant predictors identified in univariate models 
were subsequently entered in multivariate regression analyses 
with stepwise backward elimination, wherein combinations 
of predictors were tested accounting for co-linearity of vari-
ables. The most accurate model of EN intake included three 

Table 1. Baseline participant characteristics, reported energy and enteral nutrition intakes. Data presented as mean [SD] or median [Q1-Q3] unless 
stated otherwise

100% EN [n = 25] 85% EN [n = 12] 50% EN [n = 12] 20% EN [n = 12] p-value

Age, years 23.3 [22.8–25.6] 24.8 [24.2–27.7] 27.0 [2.4] 26.6 [4.7] 0.158

Female, n [%] 13/25 [52%] 5/12 [42%] 6/12 [50%] 7/12 [58%] 0.875

BMI, kg/m2 22.2 [2.5] 22.8 [3.5] 24.5 [3.0] 23.8 [2.6] 0.098

Height, cm 171.1 [8.7] 171.9 [7.5] 175.1 [8.9] 172.1 [7.0] 0.591

Body weight, kg 66.0 [11.3] 69.0 [14.9] 75.7 [14.0] 71.0 [12.2] 0.192

Estimated BMR, kcal/day 1,578 [1,321-1,795] 1,633 [315] 1,726 [316] 1,612 [247] 0.511

Estimated TEE, kcal/day 2,209 [1,853-2,513] 2,404 [382] 2,512 [476] 2,321 [386] 0.239

Total energy intake, kcal/day 2,270 [528] 2,559 [429] 2,532 [497] 2,333 [397] 0.248

Total energy intake/TEE [%] 103 [19.7] 106 [5.7] 101 [2.0] 100 [3.3] 0.662

EN energy intake/total energy intake [%] 96 [2.1] 87 [1.6] 50 [1.4] 20. [0.9] <0.001

BMI, body mass index; BMR, basal metabolic rate; EN, enteral nutrition; F, female; M, male; TEE, total energy expenditure.

D0

9 0.41

Group: 20% EN Group: 50% EN Group: 85% EN Group: 100% EN
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Figure 1. Baseline [D0] and 7-day [D7] faecal pH measurements.
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predictors: faecal pH, concentration of C2, and concentra-
tion of C3 [SCFAs both as wet matter], which only slightly 
improved the prediction of % EN using pH measurements 
alone [R2 70%].

3.3. Development of GENIE using ROC analysis
Best predictors and optimal cut-off values were identified by 
ROC curve analysis for the following dichotomous group 
comparisons: a] 100% EN [n = 25] vs < 100% EN [85% 
EN + 50% EN + 20% EN; n = 36]; and b] 100% EN [n = 25] 
vs 85% EN [n = 12]. Both D7 predictors and their changes 
from D0 [Δ] were considered. Single D7 predictors performed 
best in both group comparisons, hence only these were con-
sidered for further analysis [Supplementary Table 3].

Among all faecal predictors measured, D7 faecal pH and 
the ratio of BCFAs to either C2 or C4 performed the best 
to differentiate between the two groups. A ratio of IC4 to 
C2 > 0.039 and a ratio of IC4 to C2 + C4 > 0.035 both pro-
duced a sensitivity, specificity, and PPV of 92%, 83%, and 
79%, respectively, to differentiate between 100% EN vs all 
other groups [Table 2]. The same cut-off values for both 
ratios of IC4 to C2 and of IC4 to C2 + C4 also had a high 
diagnostic performance to differentiate between 100% EN vs 
85% EN groups [Table 2], hence indicating high model fi-
delity to distinguish between patients who receive 100% EN 
from those who had up to 15% of their daily intake coming 
from normal food.

3.4. Development of GENIE using machine 
learning classification
Machine learning classification, using recursive partitioning, 
was applied to construct decision trees using faecal param-
eters for the same group combinations for 100% vs < 100% 
EN comparison, as with ROC curve analysis above. We gen-
erated models using two approaches. The first model included 
all faecal parameters measured in the current study, and the 
second one included only faecal pH, which performed well in 
ROC analysis, and would be more practical to use at point of 
care testing. Both D7 predictors and their changes from D0 
were considered in the models, but only single D7 predictors 
were chosen by the algorithm.

Using all faecal predictors as input data, the ratios of IC5/
C4 and IC4/C2, at selected cut-off values, were chosen as 
the optimal biomarkers for two-level classification for 100% 
vs < 100% EN comparison [Figure 2]. Remarkably, this 
model outperformed the individual cut-off values identified 
from ROC curve analysis [Tables 2 and 4] and produced a 
sensitivity, specificity, PPV, and NPV of 88%, 94%, 92%, and 
92%, respectively.

When considering only faecal pH as the input data, a 
threshold pH of 7.95 was identified as optimal for 100% 
vs < 100% EN comparison [Figure 3]. This model pro-
duced the same sensitivity, specificity, PPV, and NPV as the 
individual cut-off value identified from ROC curve analysis 
[Tables 2 and 4]. Since the threshold pH of 7.95 produced 
the same sensitivity, specificity, PPV, and NPV as a threshold 

Table 2. Receiver operating characteristic curve analyses with D7 faecal measurements as predictors

Predictor Optimal cut-off Positive class Negative class AUC Sensitivity, % Specificity, % PPV, % NPV, % p-value

IC4/C2 0.039 100% EN [n = 25] <100% EN [n = 36] 0.91 92 83 79 94 <0.001

IC4/C2 + C4 0.035 100% EN [n = 25] <100% EN [n = 36] 0.92 92 83 79 94 <0.001

IC5/C4 0.362 100% EN [n = 25] <100% EN [n = 36] 0.90 100 75 73 100 <0.001

Total BCFAs/
C4

0.630 100% EN [n = 25] <100% EN [n = 36] 0.90 100 75 73 100 <0.001

IC4/C4 0.269 100% EN [n = 25] <100% EN [n = 36] 0.90 100 72 71 100 <0.001

C2 dry, 
μmol/g

239 100% EN [n = 25] <100% EN [n = 36] 0.92 96 78 75 97 <0.001

Total SCFAs 
dry, μmol/g

347.4 100% EN [n = 25] <100% EN [n = 36] 0.91 96 75 73 69 <0.001

Total SCFAs 
wet, μmol/g

93.1 100% EN [n = 25] <100% EN [n = 36] 0.88 84 86 81 89 <0.001

pH 8 100% EN [n = 25] <100% EN [n = 36] 0.91 84 86 81 89 <0.001

Total SCFAs, 
%

92.00 100% EN [n = 25] <100% EN [n = 36] 0.92 76 92 86 85 <0.001

Total BCFAs, 
%

8.00 100% EN [n = 25] <100% EN [n = 36] 0.92 76 92 86 85 <0.001

Total BCFAs/
total SCFAs

0.087 100% EN [n = 25] <100% EN [n = 36] 0.92 76 92 86 85 <0.001

IC4/C2 0.039 100% EN [n = 25] 85% EN [n = 12] 0.89 92 83 92 83 <0.001

IC4/C2 + C4 0.035 100% EN [n = 25] 85% EN [n = 12] 0.89 92 83 92 83 <0.001

IC4, % 2.7 100% EN [n = 25] 85% EN [n = 12] 0.90 88 83 92 77 <0.001

IC4/total 
SCFAs

0.028 100% EN [n = 25] 85% EN [n = 12] 0.90 88 83 92 77 <0.001

IC5/C2 0.056 100% EN [n = 25] 85% EN [n = 12] 0.89 88 83 92 77 <0.001

pH 8.1 100% EN [n = 25] 85% EN [n = 12] 0.78 76 75 86 60 0.001

AUC, area under the curve; BCFAS, branched chain fatty acids [isobutyrate + isovalerate]; C2, acetate; C4, butyrate; IC4, isobutyrate; IC5, isovalerate; 
NPV, negative predictive value; PPV, positive predictive value; SCFAS, short chain fatty acids [acetate + propionate + butyrate].
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Figure 2. Decision tree for group classification into 100% EN [n = 25] or <100% EN [n = 36] groups using machine learning algorithm and all 7-day 
faecal metabolite parameters. EN, enteral nutrition.
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Figure 3. Decision tree for group classification into 100% EN [n = 25] or < 100% EN [n = 36] groups using machine learning algorithm and 7-day faecal 
pH measurements. EN, enteral nutrition.
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of 8.0 identified from the ROC curve analysis [Table 2], we 
chose to round up the threshold pH to 8.0.

Based on the data produced from machine learning and 
ROC curve analyses, we then devised the Clinical GENIE 
[C-GENIE] [Supplementary Figure 1] using D7 faecal pH and 
the Laboratory GENIE [L-GENIE] [Supplementary Figure 2] 
using the D7 ratios of BCFAs to C2 and C4 [Figure 4].

3.5. Validation of GENIE in paediatric patients with 
CD
The GENIE was validated on 55 faecal samples collected from 
30 children with CD during the week prior to the end of an 
8-week course of 100% EN [30 samples], and from a subset 
of the same patients [n = 25] 4 weeks following treatment 
completion when participants returned to their normal diet. 
Of these, four samples collected from the group during 100% 
EN had detectable faecal GIP, indicating non-exclusivity to 
100% EEN, and were therefore excluded from the validation 
study. Baseline characteristics of all patients are presented in 
Table 3.

First, we tested the performance of the L-GENIE model 
which incorporated the ratios of IC5/C4 and IC4/C2. 
L-GENIE correctly classified 73% [37/51], yet its perform-
ance was inferior in children with CD compared with the 
development cohort of healthy adults, producing a low sensi-
tivity but very high specificity and PPV [50%, 96%, and 93%, 
respectively, Table 4]. Next, we tested the C-GENIE using the 
faecal pH measurements only. This correctly classified 86% 
[44/51] of all samples tested. The C-GENIE produced higher 
sensitivity [85%], specificity [88%], and PPV [88%] in chil-
dren with CD than in the healthy adults in whom the model 
was developed [Table 4].

4. Discussion
The present study explored the use of diet-dependent faecal 
parameters as putative biomarkers of compliance with 100% 
EN, and subsequently developed and validated the GENIE 
tool. Our findings suggest that the C-GENIE, using faecal pH 
measurements, and the L-GENIE, using the ratios of BCFAs 
to C2 or C4, could objectively assess compliance with 100% 
EN with high sensitivity and positive predictive validity. 
Interestingly, certain changes in faecal parameters, such as an 
increase in the concentrations of BCFAs, occurred only in parti-
cipants receiving 100% EN and not in those receiving < 100% 
EN, even when EN was supplied at volumes as high as 85% 
of daily energy requirements. The increase in BCFAs in par-
allel with a decrease in C2 and C4 reflect increased bacterial 
metabolism of branched chain amino acids in the absence 
of fibrous substrate for bacterial fermentation in the colon.7 
However, when even small amounts of fibre become available 
inside the colon, as in the case of participants on 85% EN, 
the production of SCFAs will still decrease but this will not be 
counterbalanced by a detectable increase in protein fermenta-
tion biomarkers. Collectively, this indicates the high fidelity of 
the ratios of BCFAs to SCFAs, and by proxy that of L-GENIE 
to differentiate between participants who consume 100% EN 
from those who are slightly less compliant.

Although ROC curve analysis and machine learning identi-
fied the same faecal parameters as optimal predictors of 100% 
EN compliance with similar cut-off values, machine learning 
with multilayer classification performed better. Faecal param-
eters at D7 and their changes from D0 were considered as 
predictors in the present analysis; still the former were consist-
ently the most predictive of group assignments, meaning that 
baseline assessments are not required, thus making GENIE 
more practical as a ‘spot-test’ and cheaper to use. Likewise, 
we explored expressions of metabolite concentrations per wet 
and per dry faecal matter, but the best-performing predictors 
were the ratios of BCFAs to C2 or C4, which are independent 
of faecal water content.

Whereas measurement of SCFAs and BCFAs requires 
specialist equipment and personnel and might be limited 
due to long result turnaround time and high overall costs, 
measurement of faecal pH requires fewer resources and ex-
pertise, is cheap, and may potentially be used as a point of 
care test. Based on these concepts, we proposed the labora-
tory version of L-GENIE, which requires post-intervention 
measurements of faecal BCFAs, C2, and C4, and the clinical 
version of C-GENIE to use as a point of care test, which 
only requires the post-intervention measurements of faecal 
pH. Although the use of pH-measuring paper strips was also 
pilot tested as a possibly even quicker and cheaper method 
to measure pH, it did not produce accurate results as the 
colour developed on the strip was significantly influenced 
by the background colour of the stool samples [data not 
presented]. Nonetheless, faecal pH can be measured easily, 
at low cost, and quickly, using portable pH meters and re-
quiring minimal training.

Against our expectations, validation of GENIE on sam-
ples from paediatric patients with CD during 100% EN, and 
after 100% EN treatment, showed that C-GENIE performed 
better than L-GENIE in correctly classifying patients into 
their respective groups. In addition to that, the findings from 
the C-GENIE development phase in healthy adults were mir-
rored in paediatric patients with CD w,ith similar predictive 
validity. This offers confidence that the C-GENIE can be used 

Glasgow exclusive enteral nutrition index of
compliance (GENIE):

SCFAs

Use L-GENIE
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IC4/C2 ≥0.041?

Yes No

Yes No

<100% EN

<100% EN100% EN

<100% EN
~100% probability
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Figure 4. Glasgow Exclusive Enteral Nutrition Index of Compliance 
[GENIE].
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for assessment of compliance with 100% EN in patients with 
CD receiving induction treatment with 100% EN. In turn, this 
may help the clinical practitioner to make an informed deci-
sion between a patient who is non-responsive to 100% EN 

and another where treatment failure is due to diminished 
compliance. The inferior performance of the L-GENIE in the 
cohort of children with CD compared with the development 
cohort of healthy adults, may be explained by differences in 
the profile and levels of production of SCFA and BCFA in the 
colon, consistent with the features of microbial alterations seen 
in this population.10,14 The L-GENIE may perform better in pa-
tients with conditions that do not induce microbial dysbiosis, 
such as eosinophilic oesophagitis or food allergies. However, 
the C-GENIE using measurements of faecal pH, a cumulative 
marker of acidity in the distal gut lumen, performed much 
better and equally to the development cohort of healthy adults.

This work has certain limitations including modest sample size, 
and the fact that the validation cohort included samples collected 
from patients with CD towards the end of 8-week treatment with 
100% EN and not at a time point of treatment evaluation when 
checking treatment compliance would be most relevant clinically. 
Checking compliance at a 2-week time point with C-GENIE or 
L-GENIE would allow identification of patients who may require 
more dietetic input to improve compliance, and also of primary 
non-responders who are compliant but do not respond and may 
instead require an alternative treatment to achieve disease con-
trol. We present a clinical application example of C-GENIE in pa-
tients with active CD treated with 100% EN [Figure 5]. A caveat 
to this approach is that an induction course of 100% EN is likely 
to be equally effective as 85% EN in management of active CD, 
albeit a randomised, controlled trial [RCT] to demonstrate this is 
currently lacking. Using the same methodology as with GENIE, 
we constructed alternative models for separation between ≥ 85% 
EN vs < 85% EN. Encouragingly, the same predictors at similar 
threshold values were chosen as optimal biomarkers for two-level 
classification to each EN group [Supplementary Figure 3]. This 
was also the case when using only faecal pH as the input data, 
where a threshold pH of 7.75 was identified as optimal for group 
assignment [Supplementary Figure 4]. The diagnostic perform-
ances of both alternative models are presented in Supplementary 
Table 4, although we acknowledge the absence of an independent 
cohort of children with CD receiving variable volumes of EN to 
test their performance.

In principle, the model development and validation groups, in 
this case children with CD, should come from the same popu-
lation. However, we envision the GENIE use for patients with 
other conditions in which 100% EN is used as treatment [eg, 
eosinophilic oesophagitis] or in the research setting. When we 
used the same methodology as GENIE to construct decision trees 
using faecal parameters of the validation cohort of 30 children on 
100% EN and following 100% EN on unrestricted diet, again 
similar faecal parameters and threshold values were selected by 
the algorithm [Supplementary Figures 5 and 6]. The alternative 
models developed in children with CD had a higher diagnostic 

Table 4. Baseline characteristics of paediatric Crohn’s disease patients 
[n = 30]. Data presented as mean [SD] or median [Q1-Q3] unless stated 
otherwise

Characteristics Values

Age, years 12.2 [2.4]

Female, n [%] 11/30 [37%]

Body weight, kg 43.6 [14.5]

Body weight z-score, SD 0.10 [1.09]

Height z-score, SD 0.27 [1.07]

BMI z-score, SD -0.20 [-0.89–0.24]

wPCDAI 2.5 [0.0–10.6]

CRP, mg/L 1.0 [1–5.3]

Raised CRP [>10 mg/L], n [%] 1/30 [3%]

FC, mg/kg 328.3 [154.2–2369.9]

Raised FC [>250 mg/kg], n [%] 17/30 [57%]

Newly diagnosed patients, n [%] 23/30 [77%]

Immunosuppressant use, n [%] 17/30 [57%]

Paris classification:

Age at diagnosis, n [%]

A1a 8/30 [27%]

A1b 22/30 [73%]

Location, n [%]

L1 2/30 [7%]

L1, L4a 2/30 [7%]

L1, L4b 1/30 [3%]

L2 3/30 [10%]

L2, L4a 2/30 [7%]

L3 9/30 [30%]

L3, L4a 6/30 [20%]

L4a 5/30 [17%]

Behaviour, n [%]

B1 27/30 [90%]

B1p 2/30 [7%]

B2 1/30 [3%]

Growth, n [%]

G1 2/30 [7%]

G0 28/30 [93%]

BMI, body mass index; CRP, C-reactive protein; FC, faecal calprotectin; 
wPCDAI: weighted Paediatric Crohn’s Disease Activity Index.

Table 3. Results of validation of the GENIE model in children with Crohn’s disease [CD] during treatment with 100% EN and after return to unrestricted 
diet and compared with the development cohort of healthy adults

GENIE models Cohort Sensitivity, % Specificity, % PPV, % NPV, %

L-GENIE [IC5/C4 + IC4/C2] Healthy adults 88 94 92 92

L-GENIE [IC5/C4 + IC4/C2] Children with CD 50 96 93 65

C-GENIE [pH ≥ 8.0] Healthy adults 84 86 81 89

C-GENIE [pH ≥ 8.0] Children with CD 85 88 88 85

C2, acetate; C4, butyrate; CD, Crohn’s disease; C-GENIE, Clinical Glasgow Exclusive Enteral Nutrition Index of Compliance; GENIE, Glasgow 
Exclusive Enteral Nutrition Index of Compliance; IC4, isobutyrate; IC5, isovalerate; L-GENIE, Laboratory Glasgow Exclusive Enteral Nutrition Index of 
Compliance; NPV, negative predictive value; PPV, positive predictive value.
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performance in the cohort of CD patients compared with GENIE 
models developed in healthy adults [Supplementary Table 5]. 
However, it is likely that this difference is due to the lower vari-
ability in EN intakes in the cohort of CD children [ie, 100% EN 
or no 100% EN] than in the healthy adults who participated in 
the development phase of the study. This may make these alter-
native models less accurate when assessing compliance in situ-
ations when patients are still consuming some EN in addition to 
ordinary food.

Future research should replicate these findings and test 
GENIE performance in other conditions for which 100% 
EN is prescribed as a treatment. This may be particularly 
important, as changes in gastrointestinal motility in certain 
conditions or with medical treatments may influence the 
performance of the faecal parameters and their associated 
threshold values. The performance of the GENIE with EN 
feeds other than the one we used here, including those con-
taining fermentable fibre, needs to be explored too. In add-
ition, future studies should validate the alternative models 
presented here, including an 85% EN intake cut-off and the 
one developed in the cohort of children with CD.

In conclusion, the GENIE might offer a simple, quick, 
cheap, and objective way to check compliance with 100% EN 
in clinical practice and in addition to other dietary assessment 
methods routinely applied in clinical practice.
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