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Abstract
Objectives: To apply component network meta-analysis (CNMA) models to an existing Cochrane review of psychological preparation
interventions for adults undergoing surgery and to extend the models to account for covariates to identify the most effective components for
improving postoperative outcomes.

Study Design and Setting: Interventions consisted of between one and four components of psychological preparation: procedural in-
formation (P), sensory information (S), behavioral instruction (B), cognitive interventions (C), relaxation (R), and emotion-focused tech-
niques (E). We used CNMA models to assess the effect of each component for three outcomes: length of stay, pain, and negative affect.

Results: We found evidence that the most effective component for reducing length of stay depends on the type of surgery and that R
may improve pain. There was insufficient evidence that individual components contributed to the overall reduction in negative affect, but P
and S emerged as the most likely beneficial components. Overall, we were unable to identify any one component as the most effective
across all three outcomes.

Conclusion: The CNMA method allowed us to address questions about the effects of specific components that could not be answered
using standard Cochrane methodology. � 2018 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Systematic reviews often study complex interventions
comprising multiple components that may be delivered
individually or in combination. One commonly accepted
definition is that a complex intervention consists of ‘‘a
number of components that may act both dependently and
independently’’ [1,2].
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Network meta-analysis (NMA) is an extension of pair-
wise meta-analysis (MA) methods to the setting where
we have three or more interventions [3]. NMA incorporates
both direct evidence from trials directly comparing two or
more treatments (eg, a direct comparison between treat-
ments A and B) and indirect evidence which arises when
two treatments are both directly compared with the same
third treatment (eg, indirect comparison of A and B, where
each is directly compared with treatment C in separate tri-
als). NMA uses a single statistical model to combine both
the direct and indirect evidence within a network to esti-
mate intervention effects for every treatment combination,
regardless of whether two interventions have been directly
compared or not [4].

In 2009, Welton et al. proposed four increasingly com-
plex component network meta-analysis (CNMA) models
(that increasingly make less strong assumptions) for assess-
ing component effects of complex interventions [5]. The
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What is new?

Key findings
� We used component network meta-analysis

(CNMA) to complement standard pairwise meta-
analysis techniques used in an existing Cochrane
review of psychological preparation for surgery
to overcome important methodological limitations
of the original review and strengthen the value of
the results for both application and contribution
to the scientific evidence-base.

What this adds to what was known?
� CNMA allowed us to derive estimates of the ef-

fects of individual psychological components, even
when delivered in combination

� Any of the investigated types of psychological
preparation may be beneficial for reducing length
of stay, pain, and negative affect, but certain com-
ponents may be more important for individual out-
comes (eg, relaxation for postoperative pain)

� Covariates such as type of surgery can be incorpo-
rated into the CNMA models and enhance the util-
ity of the results

What is the implication and what should change
now?
� CNMA is a little-used technique that could be

more widely used in systematic reviews involving
multi-component complex interventions

simplest model is equivalent to a pairwise MA and assesses
the effect of any intervention. The models build in
complexity introducing additive component effects, pair-
wise interactions between components, and unique effects
for each observed combination of components. A citation
review (July 2017) suggested that this article has been cited
over 130 times in general methodology and NMA articles,
but we have only identified one other research group that
appears to have fully applied the CNMA method in practice
[6e8].

In 2016, a meta-analysis published in the Cochrane
Database of Systematic Reviews identified better postoper-
ative outcomes for patients receiving psychological prepa-
ration before surgery [9]. The term ‘‘psychological
preparation’’ refers to strategies designed to influence a per-
son’s thoughts, feelings, or actions. Johnston and V€ogele
[10] found that seven types of psychological preparation
led to patient benefit for at least one postoperative outcome:
providing procedural information (what, when, and how
events will occur, aiming to reduce anxiety by reducing un-
certainty); sensory information (sensations associated with
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a procedureeeg, what it will feel or smell like, expected
to reduce anxiety by eliminating unexpected, and therefore
worrying sensations); behavioral instruction (telling or
teaching participants about actions they should perform to
enhance the experience or outcomes); cognitive interven-
tions (to change how an individual thinks, particularly aim-
ing to reduce negative thoughts and thereby reduce negative
emotions); emotion-focused interventions (to help the indi-
vidual to manage their feelings); relaxation; hypnosis.

While surgery may be intended to improve (or diagnose)
health conditions, it also has short-term impacts on out-
comes such as pain and activity levels. How people think
and feel before surgery impacts postoperative outcomes.
For example, anxiety, depression, and catastrophizing have
been found to predict postoperative pain [11e14]. There
are a range of mechanisms by which psychological factors
may influence postsurgical outcomes. Pain tends to be
experienced as more severe when negative emotions are
experienced [15,16]; behaviors are influenced by cognitions
and emotions (eg, ambulatory behaviors postsurgery; using
patient-controlled analgesia), and stress is associated with
slower wound healing [17,18].

The 2016 review included 105 randomized controlled
trials, where each active trial arm was classified as
comprising between one and four psychological compo-
nents. The outcomes were restricted to postoperative pain,
negative affect (negative emotion, such as anxiety, depres-
sion), hospital length of stay, and behavioral recovery; find-
ings for behavioral recovery were not included in a meta-
analysis because of the small number of suitable studies
and diversity of outcome measures. The analyses were
limited to pairwise meta-analysis comparisons in which
any form of intervention was grouped together in an ‘‘any
intervention’’ arm and compared with ‘‘control’’. The re-
view suggested a benefit of psychological intervention,
but interpretation of the results for the effect of the individ-
ual components was more difficult. For each type of psy-
chological component, subgroup analyses were conducted
for two groups of trials: (1) those with an intervention
group that contained only that component and (2) those
with an intervention group including the component of in-
terest, possibly in combination with other components.
Most psychological interventions tended to be delivered
in combination with other components, complicating the
interpretation of these subgroup analyses. For all three out-
comes meta-analyzed, better outcomes were identified with
intervention compared with control. However, for all three
outcomes, there was evidence of statistical heterogeneity.
Further analysis was therefore required to identify individ-
ual component effects and to account for heterogeneity.

Further complexity in identifying component effects
may arise from heterogeneity between trial results caused
by factors other than intervention components including
differences in baseline risk across trials. As defined by
Achana et al. ‘‘baseline risk reflects the burden of disease
in a study population and defines the average risk of a
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patient to experience the outcome of interest if they have
not been treated’’ that is, the expected outcome for a patient
who does not receive psychological preparation [19]. Thus,
if variables, in addition to those describing the intervention,
modify treatment effects, then it is desirable to identify
them and include them in the statistical model. In this
article, we will assess the effect of baseline risk on treat-
ment effectiveness using the mean effect for the control
group. To illustrate, heterogeneity may arise as length of
stay is likely to be longer in older trials or for some surgical
procedures; control groups are subject to these influences,
and their means reflect the baseline risk. In addition, there
is ample evidence that effect sizes for an intervention are
strongly influenced by the inputs to the control or ‘‘standard
care’’ group and so controlling for baseline risk allows the
effects of interventions to be investigated as if their control
groups were equivalent [20].

In this article, we report extended analyses of the Co-
chrane review data on psychological preparation for adults
undergoing surgery under general anesthesia. We increase
our understanding of the data by applying CNMA models
to identify the most effective components of psychological
preparation for improving postoperative outcomes. Given
the substantial between-study heterogeneity in this review,
we also extend the models used by Welton et al. [5] to
include baseline risk and type of surgery.
2. Methods

2.1. Study population

We used data from 71 trials included in the meta-
analyses of length of stay, pain, and negative affect reported
in the Cochrane review of psychological preparation and
postoperative outcomes for adults undergoing surgery un-
der general anesthesia (full reference list in Appendix A/
Appendix on the journal’s web site at www.elsevier.com).
The Cochrane review included an additional 34 trials,
which were included in narrative syntheses only as there
was insufficient information for them to be included in
the meta-analyses. These trials are not considered in this
article. Interventions consisted of between one and four
components made up of the following psychological prep-
arations: procedural information (P), sensory information
(S), behavioral instruction (B), cognitive intervention (C),
relaxation (R), and emotion-focused techniques (E). A sev-
enth category used in the Cochrane review, hypnosis, was
combined with the R category due to the low number of tri-
als including this component, and because hypnosis proced-
ures typically incorporate R elements.

2.2. Outcomes

Three outcomes were considered: length of stay, postop-
erative pain, and negative affect (negative emotion, eg, anx-
iety, depression). Length of stay was measured as the
number of days a patient remained in hospital following
surgery. Pain and negative affect were measured using a
number of different standard scales across trials (details
on which underlying scales were used in each study can
be found elsewhere [9]). For these two outcomes results
were synthesized as standardized mean differences (SMDs)
using Hedges’ g.
2.3. Included studies

We essentially used the same data as the Cochrane re-
view but included some trials only in sensitivity analyses
for the following reasons. One trial [21] was identified in
the Cochrane review as an outlier and excluded from the
primary analysis of pain. One trial [22] reporting change
from baseline rather than final score was excluded (here)
from the primary analysis of pain. Five trials [23e27] re-
porting change from baseline rather than final score were
excluded from the primary analysis of negative affect.
One trial [28] that provided binary outcome data only
was excluded from all pain analyses. In addition, we were
able to include one trial [29], which was excluded from the
Cochrane analyses because it did not have a control arm.

2.4. Statistical analysis

Initially, four models were fitted using the contrast-
based data approach of Welton et al., 2009 [5]. A linear
regression model was used, where mj represents the mean
response for the baseline intervention bj (ie, the control
arm) in trial j. Then qjk, the mean outcome for intervention
k from trial j, was modeled as:
qjk 5

�
mj; Intervention bj

mj þ djk; Intervention k

where
djk|Normal
��
dk � dbj

�
; t2

� ð1Þ
djk represents the mean difference (MD) in the change in
outcome for intervention k relative to the baseline interven-
tion bj in trial j with between-trial variance t2. dk is the MD
of the outcome for intervention k relative to the reference
treatment across the network (ie, the ‘‘treatment’’ effect
for intervention k compared with control). The four models
arise from making different assumptions about dk.

Model 1 recreates the original Cochrane review by
combining all interventions into one arm and comparing
them to the control arm.
dk 5 d
Model 2 allows additive main effects in which each
component has a separate effect. In this model, the total ef-
fect of an intervention is equal to the sum of the relative
component effects.
dk 5 dP þ dS þ dB þ dC þ dR þ dE

http://www.elsevier.com
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where
where
dP5

�
1; if intervention includes component P
0; otherwise
Model 3 is an extension of model 2 with extra terms for
combinations of pairs of components (a total of 13 pairwise
interactions between components for length of stay, 12 for
pain, and 11 for negative affect). This allows pairs of com-
ponents to have a bigger or smaller effect than would be ex-
pected from the sum of their individual components.
5 dP þ dS þ dB þ dC þ dR þ dE þ dPS þ .þ dRE
dk
dPS5

�
1; if intervention includes components P and S
0; otherwise
Finally, model 4 is a standard NMA model in which
each possible combination of components is considered to
be a separate intervention so that each possible combination
of components has its own effect, regardless of whether it is
made up of one or four components. For example, in a
network consisting of the six intervention combinations P,
S, P þ S, P þ S þ B, C þ R and S þ B þ C þ E:
dk 5 dP þ dS þ dPþS þ dPþSþB þ dCþR þ dSþBþCþE
where each d 5 1 only for each specific disease combina-
tion and 0 otherwise (eg, for intervention P þ S, the treat-
ment effect is given by dPþS only).

For outcomes combined on the SMD scale, we standardize
each outcome by dividing the mean change in outcome for
intervention k from trial j (ajk) by the pooled standard devia-
tion (SDj) across all trial arms from trial j so that:
qjk 5
ajk

SDj
Models 1e4 are then fitted as previously described.
Throughout this article, component effects are presented

compared with the reference treatment ‘‘control’’. In the
Cochrane review trials, reporting final score and change
from baseline were synthesized together. However, when
considering standardized scales the ‘‘difference in standard
deviation reflects differences in the reliability of the mea-
surements’’ rather than differences in the measurement
scale [30]. Therefore, in the present article, primary ana-
lyses for pain and negative affect included trials reporting
final score only. All analyses took into account adjustment
for multi-arm trials [31].

2.5. Inclusion of covariates

Control group mean (used as a measure of the expected
outcome without intervention) and type of surgery were
considered for inclusion into the CNMA models, adapting
preexisting methods [19]. Control group mean was centered
on the mean control group outcome across all trials. There-
fore, the treatment effect model coefficients can be
interpreted as the treatment effect at the average value of
the covariate.

Type of surgery was split into three categories (cardio-
vascular [CV], orthopedic, and other) and fitted as a
categorical covariate through a series of indicator variables
with ‘‘other’’ treated as the reference group. Further details
regarding the fitting and implementation of these models
can be found in Appendix B/Appendix on the journal’s
web site at www.elsevier.com.

2.6. Simultaneous assessment across the multiple
outcomes

To assess whether there is any agreement across the
three outcomes about which component or components
are most effective, we calculated the probability of being
the best component for each outcome and present these re-
sults for all outcomes in a bar chart [32]. In addition, we
calculated the probability of each component taking each
rank from most effective to least effective and display these
results as a line graph for each component.
3. Results

In this section, we present the results for length of stay
and pain. Results for negative affect are presented in
Appendix C/Appendix on the journal’s web site at www.
elsevier.com. Sensitivity analyses for pain are presented
in Appendix D/Appendix on the journal’s web site at
www.elsevier.com. Additional tables and figures are
included in Appendix E/Appendix on the journal’s web site
at www.elsevier.com.

3.1. Length of stay

We considered a network of 35 trials assessing 18
different combinations of components (Figure 1). Model
1 identified a reduction of �0.541 days (95% credible inter-
val [CrI]: �0.913, �0.203) for any intervention compared
with control (Table 1). However, this model was unable
to identify the component effects, and based on the devi-
ance information criteria (Table E1, Appendix E/
Appendix on the journal’s web site at www.elsevier.com)
and clinical advice, model 2 was selected as the most
appropriate model. From this model, P, S, B, C, and R were
all identified as reducing length of stay although the CrIs
for all components included zero suggesting that no single
component was effective on its own (Table 1). Similarly,
although E could increase length of stay, the CrI is wide
and includes zero reflecting the uncertainty around the di-
rection of effect. In addition, there was evidence of hetero-
geneity in this model (t 5 0.812). The combinations
P þ S þ B (MD: �0.956, 95% CrI: �1.619, �0.352)
and P þ S þ R (MD: �1.016, 95% CrI: �1.998,
�0.052) both had CrIs excluding zero and reduced length
of stay by approximately 1 day each.
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NOTE: Weights are from random effects analysis
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Ashton 1997
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Doering 2000
Crowe 2003
Fortin 1976
McGregor 2004
Shuldham 2002
Zieren 2007
Lam 2001
Watt-Watson 2000
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1.50 (-0.09, 3.10)
-0.96 (-2.34, 0.42)
-2.03 (-3.59, -0.46)
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0-9.95 0 9.95

Control

P
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B
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S+B
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P+S+C

P+S+R
P+B+E P+C+R

S+B+E

P+S+B+E

S+B+C+R

A

B

Fig. 1. (A) Length of stay network diagram. Node size is proportional to the number of patients randomized to each intervention, and line thickness
is proportional to the number of trials directly comparing interventions. (B) Length of stay forest plot. P, procedural information; S, sensory infor-
mation; B, behavioral instruction; C, cognitive intervention; R, relaxation; E, emotion-focused techniques; MD, mean difference (days);
CI, confidence interval.
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Table 1. Posterior mean and 95% credible intervals for intervention effect for model 1 and component effects for model 2

Outcome Summary

Model 1 (single
effect) Model 2 (additive main effects)

Intervention effect
Procedural

information (P)
Sensory

information (S)
Behavioral

instruction (B)
Cognitive

intervention (C) Relaxation (R)
Emotion-focused
techniques (E)

Mean 95% CrI Mean 95% CrI Mean 95% CrI Mean 95% CrI Mean 95% CrI Mean 95% CrI Mean 95% CrI

Length
of stay
(days)

MD �0.541 �0.913,
�0.203

�0.214 �0.988,
0.506

�0.322 �1.075,
0.507

�0.420 �0.973,
0.062

�0.020 �0.690,
0.680

�0.480 �1.349,
0.356

0.924 �0.521,
2.399

Pain SMD �0.145 �0.274,
�0.016

0.103 �0.150,
0.352

�0.074 �0.338,
0.192

�0.054 �0.237,
0.125

0.039 �0.249,
0.329

�0.277 �0.490,
�0.058

�0.388 �0.842,
0.074

Abbreviations: MD, mean difference; SMD, standardized mean difference; rI, credible interval.
Use of italics indicates a credible interval excluding zero.
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3.2. Pain

For postoperative pain, we considered a network of 36
trials assessing nineteen different combinations of compo-
nents (Figure 2). To fit model 1, which compared any inter-
vention with control, we had to exclude the one trial, which
compared two different forms of intervention without a
control arm [29]. Model 1 identified evidence of a reduction
in pain of �0.145 standardized units (95% CrI: �0.274,
�0.016) for any intervention vs. control (Table 1). Based
on the deviance information criteria (Table E1, Appendix
E/Appendix on the journal’s web site at www.elsevier.
com) and clinical advice, model 2 was selected as the most
appropriate model. From this model, we identified some ev-
idence of heterogeneity (t 5 0.241). R was identified as the
most effective component reducing pain on average, by
�0.277 and had a CrI excluding zero (95% CrI: �0.490,
�0.058). The greatest reduction in pain was for the compo-
nent E although the CrI included zero (SMD: �0.388; 95%
CrI: �0.842, 0.074). The combinations B þ R, S þ R,
S þ B þ E, and S þ B þ R all had CrIs excluding zero.

3.3. Inclusion of covariates: length of stay

The mean control group length of stay across all trials
was 9.4 days. Model 2 was fitted including control group
mean as a common effect across all components. In this
model, parameters represent the mean difference for a trial
with a control group length of stay of 9.4 days. For every
1 day increase in the control group length of stay, there is
a mean reduction of �0.098 days (95% CrI: �0.157,
�0.043) in the intervention group length of stay
(Table 2). Components P, S, B, C, and R were all identified
as reducing length of stay, whereas component E increased
the length of stay. However, B was the only component
with a CrI excluding zero. B reduced the length of stay
in the intervention group by a mean difference of
�0.561 days (95% CrI: �1.047, �0.111) when the control
group length of stay was 9.4 days (Table 2, Figure 3). The
inclusion of control group mean slightly reduced the
amount of heterogeneity in the model (t 5 0.759).
Figure E2/Appendix on the journal’s web site at www.
elsevier.com presents estimates of the reduction in length
of stay for combinations of control group length of stay
and intervention. As the control group length of stay
increased, the benefit of interventions in reducing length
of stay increased (Figure E1, Appendix E/Appendix on
the journal’s web site at www.elsevier.com). For example,
component R did not, on average, reduce length of stay
when the control group length of stay was only 5 days
but reduced length of stay by almost 1 day for a control
group length of stay of 15 days (Table E2, Appendix E/
Appendix on the journal’s web site at www.elsevier.com).

Ten trials considered CV surgery, nine orthopedic sur-
gery, and seventeen other types of surgery. Length of stay
in the control groups of CV trials ranged from 5.1 to
9.9 days, in the orthopedic trials from 2.7 to 18 days, and
in the other trials from 2.1 to 18.6 days. Model 2 was fitted
including an independent effect for each component for
type of surgery. Components P, S, and B were identified
as having different effects for different types of surgery
(Table E3 & Table E4, Appendix E/Appendix on the jour-
nal’s web site at www.elsevier.com).

We included both control group mean and surgery
within model 2. From this model control group mean
was identified as being important, reducing length of stay
by �0.099 days (95% CrI: �0.164, �0.038) for every
1 day increase in control group length of stay (Table 3).
The model suggested that the effect of S differed for
CV surgery compared with both other and orthopedic sur-
gery (Table 3). For a control group length of stay of
5 days, S reduced length of stay in CV trials by 1.5 days.
This reduction increased as the control group length of
stay increased (Table 4). The effect of B differed for
CV surgery compared with other surgery (Table 3). With
a control group length of stay of 5 days, there was evi-
dence that B was only effective in reducing length of stay
for other types of surgery. However, when control group
length of stay increased to 15 days, B reduced length of
stay for all three types of surgery (Table 4). In contrast
even with a control group length of stay of 15 days, S
did not reduce length of stay for orthopedic surgery
(Table 4). Including both control group mean and type
of surgery reduced the amount of heterogeneity in the
model further (t 5 0.535).
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Neary 2010
Barbalho-Moulim 2011
Bergin 2014
Bitterli 2011
D'Lima 1996
Gocen 2004
Goldsmith 1999
Griffin 1998
McDonald 2001
McDonald 2005
Cheung 2003
Gonzales 2010
Leserman 1989
Levin 1987
Miro 1999
Roman 2012
Seers 2008
Doering 2000
Lauder 1995
Heidarnia 2005
McGregor 2004
Zieren 2007
Lam 2001
Watt-Watson 2000
McDonald 2004
Pellino 2005
Reading 1982
Lin 2005
Giraudet 2003
Fortin 1983
Gräwe 2010
Omlor 2000
Postlethwaite 1986
Ridgeway 1982
Schwartz-Barcott 1994

Author

P
B
B
B
B
B
B
B
B
B
C
R
R
R
R
R
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P+B
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P+B
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S+B+E
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S+C
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E/C+R
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Intervention
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-0.15 (-0.66, 0.35)
-0.51 (-0.97, -0.05)
0.18 (-0.25, 0.60)
0.32 (-0.38, 1.02)
-0.50 (-1.14, 0.13)
-0.38 (-0.79, 0.02)
-0.47 (-1.06, 0.12)
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0.16 (-0.33, 0.64)
-0.06 (-0.58, 0.47)
-0.79 (-1.30, -0.28)
-0.34 (-0.74, 0.05)
-1.08 (-1.65, -0.50)
0.17 (-0.23, 0.57)
-0.28 (-0.55, -0.01)
0.17 (-0.61, 0.95)
-0.16 (-0.69, 0.38)
0.33 (-0.10, 0.77)

SMD (95% CI)

0.03 (-0.53, 0.58)
0.07 (-0.60, 0.75)
-0.06 (-0.44, 0.33)
0.33 (-0.15, 0.80)
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-0.15 (-0.66, 0.35)
-0.51 (-0.97, -0.05)
0.18 (-0.25, 0.60)
0.32 (-0.38, 1.02)
-0.50 (-1.14, 0.13)
-0.38 (-0.79, 0.02)
-0.47 (-1.06, 0.12)
-0.05 (-0.78, 0.69)
-0.33 (-1.00, 0.34)
-0.84 (-1.26, -0.42)
-0.37 (-0.92, 0.18)
-0.13 (-0.49, 0.23)
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-0.02 (-0.48, 0.44)
-0.45 (-1.12, 0.21)
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-0.16 (-0.76, 0.44)
-0.47 (-1.20, 0.27)
0.16 (-0.33, 0.64)
-0.06 (-0.58, 0.47)
-0.79 (-1.30, -0.28)
-0.34 (-0.74, 0.05)
-1.08 (-1.65, -0.50)
0.17 (-0.23, 0.57)
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0.17 (-0.61, 0.95)
-0.16 (-0.69, 0.38)
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B

Fig. 2. (A) Pain network diagram. Node size is proportional to the number of patients randomized to each intervention, and line thickness is pro-
portional to the number of trials directly comparing interventions. (B) Pain forest plot. P, procedural information; S, sensory information;
B, behavioral instruction; C, cognitive intervention; R, relaxation; E, emotion-focused techniques; SMD, standardized mean difference;
CI, confidence interval.
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Table 2. Posterior mean and 95% credible intervals for control group mean and component effects for model 2 including control group mean

Outcome Summary

Model 2 (additive main effects) including control group mean

Control group
mean

Procedural
information (P)

Sensory
information (S)

Behavioral
instruction (B)

Cognitive
intervention (C) Relaxation (R)

Emotion-focused
techniques (E)

Mean 95% CrI Mean 95% CrI Mean 95% CrI Mean 95% CrI Mean 95% CrI Mean 95% CrI Mean 95% CrI

Length
of stay
(days)

MD �0.098 �0.157,
�0.043

�0.308 �1.022,
0.360

�0.313 �1.004,
0.439

�0.561 �1.047,
�0.111

�0.444 �1.106,
0.214

�0.368 �1.154,
0.412

1.296 �0.028,
2.700

Pain SMD �0.007 �0.057,
0.042

0.121 �0.162,
0.399

�0.078 �0.362,
0.207

�0.052 �0.257,
0.153

0.069 �0.270,
0.411

�0.274 �0.509,
�0.035

�0.376 �0.866,
0.123

Abbreviations: MD, mean difference; SMD, standardized mean difference; CrI, credible interval.
Use of italics indicates a credible interval excluding zero.
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For CV surgery, Figure E2 (Appendix E/Appendix on
the journal’s web site at www.elsevier.com) suggests that
components S and E have the greatest probability of being
the most effective components for reducing length of stay.
However, the wide confidence intervals for E in both Table
E3 (Appendix E/Appendix on the journal’s web site at
www.elsevier.com) and Table 4 highlight the fact that there
are no CV trials which considered the component E. Like-
wise, there are no orthopedic trials which considered the
components C and R. These results are driven by the prior
distributions from the model and should be interpreted with
caution (and hence their vast 95% CrIs). Following C and
R, the component with the greatest probability of reducing
length of stay in orthopedic trials was P. However, Table 4
shows that for P to be effective at reducing length of stay in
orthopedic trials, the control group length of stay needs to
be high. For other types of surgery, B had the greatest prob-
ability of being the most effective component.
3.4. Inclusion of covariates: pain

Model 2 was fitted including a common covariate effect
of control group mean. The CrI for control group mean
included zero (mean: �0.007, 95% CrI: �0.057, 0.042)
(Table 2). However, when control group mean is included
in the model, R is still the only component with a CrI
excluding zero.
P

S

B

C

R

E

Component

-0.31 (-1.02, 0.36)

-0.31 (-1.01, 0.44)

-0.56 (-1.05, -0.11)

-0.44 (-1.10, 0.21)

-0.37 (-1.16, 0.41)

1.30 (-0.03, 2.70)

MD (95% CrI)

0-1 1 2
Length of Stay (days)

Benefit to
intervention

Benefit to
intervention

P

S

B

C

R

E

Component

0.12 (-0.16, 0.40)

-0.08 (-0.36, 0.21)

-0.05 (-0.26, 0.15)

0.07 (-0.27, 0.41)

-0.27 (-0.51, -0.04)

-0.38 (-0.87, 0.12)

SMD (95% CrI)

0-.6 .5
PainBenefit to 

control
Benefit to 
control

Fig. 3. Forest plot of component effects for length of stay and pain from
model 2 including control group mean. P, procedural information;
S, sensory information; B, behavioral instruction; C, cognitive interven-
tion; R, relaxation; E, emotion-focused techniques; MD, mean differ-
ence; SMD, standardized mean difference; CrI, credible interval.
Five trials considered CV surgery, twelve considered or-
thopedic surgery, and 20 considered other types of surgery.
Model 2 was fitted including an independent effect for each
component for type of surgery. However, there was no ev-
idence to suggest that component effects differed by type of
surgery (Table E5, Appendix E/Appendix on the journal’s
web site at www.elsevier.com).
3.5. Simultaneous assessment across the multiple
outcomes

For each outcome, Figure 4 shows the probability that a
particular component is the most effective. E had the great-
est probability of being the most effective component for
improving pain but had little effect on length of stay or
negative affect (also shown in Figure E3, Appendix E/
Appendix on the journal’s web site at www.elsevier.com).
However, in Table 1, R was the only component with a
CrI excluding zero for pain and E had a wide CrI including
zero. The probability of a component being the most effec-
tive fails to take into account the uncertainty surrounding
the component effect. Therefore, in this case, the probabil-
ity of E should be interpreted with caution and more
emphasis placed on the component effect where the uncer-
tainty surrounding the component effect can be quantified
by the CrI [33].

In Table 3 and Figure E2 (Appendix E/Appendix on the
journal’s web site at www.elsevier.com), we identified that
the most effective component for reducing length of stay
depends on the type of surgery. Therefore, in Figure 4,
the probability of being the most effective component is
similar for P, S, B, C, and R. This is also shown in
Figure E3 (Appendix E/Appendix on the journal’s web site
at www.elsevier.com), where these components have
similar ranking profiles.

The component which appeared to be the most consistent
across all three outcomes was R which had a probability of
approximately 20% of being the best component for each
outcome (Figure 4). However, both Figure 4 and Figure E3
(Appendix E/Appendix on the journal’s web site at www.
elsevier.com) show that no one component can be identified
as the most effective component across all three outcomes.
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Table 3. Length of stay: Posterior mean and 95% credible intervals for
effect of control group mean, surgery, and component effects for
model 2 including control group mean and surgery

Parameter

Model 2 including control group
mean and type of surgery

Mean 95% CrI

Control group mean �0.099 �0.164, �0.038

Effect of CV vs. other (P) 0.445 �1.140, 2.059

Effect of orthopedic vs. other (P) �1.851 �4.329, 0.545

Effect of orthopedic vs. CV (P) �2.295 �4.871, 0.193

Effect of CV vs. other (S) �2.012 �3.729, �0.350

Effect of orthopedic vs. other (S) 2.497 �0.217, 5.307

Effect of orthopedic vs. CV (S) 4.509 1.654, 7.493

Effect of CV vs. other (B) 1.218 0.286, 2.183

Effect of orthopedic vs. other (B) 0.779 �0.099, 1.785

Effect of orthopedic vs. CV (B) �0.439 �1.294, 0.539

Effect of CV vs. other (C) �0.385 �1.543, 0.764

Effect of orthopedic vs. other (C) 0.219 �195, 195

Effect of orthopedic vs. CV (C) 0.604 �195, 196

Effect of CV vs. other (R) 0.066 �1.536, 1.778

Effect of orthopedic vs. other (R) 0.222 �196, 196

Effect of orthopedic vs. CV (R) 0.157 �196, 196

Effect of CV vs. other (E) 0.297 �196, 197

Effect of orthopedic vs. other (E) �2.725 �5.905, 0.263

Effect of orthopedic vs. CV (E) �3.023 �199, 193

P �0.026 �0.864, 0.760

S 0.044 �0.702, 0.841

B �1.199 �1.925, �0.521

C �0.074 �1.021, 0.856

R �0.612 �1.435, 0.208

E 2.106 0.239, 4.027

Abbreviations: P, procedural information; S, sensory information;
B, behavioral instruction; C, cognitive intervention; R, relaxation;
E, emotion-focused techniques; CV, cardiovascularl; CrI, credible
interval.
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4. Discussion

The use of NMA has grown considerably in the last
couple of decades, but the full potential of this flexible meth-
odology has perhaps yet to be realized. One such extension,
the CNMA approach of Welton et al. [5] has been little used
to date but offers the potential to separate out component ef-
fects and thus has the potential to produce more clinically
relevant results. This approach could be more widely used
in systematic reviews involving complex interventions.

We have performed detailed further analyses of the data
from a review on psychological preparation for adults un-
dergoing surgery under general anesthesia [9], using
CNMA methods to extend our understanding of the data
and identify the most effective components for reducing
length of stay, pain, and negative affect. The original Co-
chrane review identified that, on average, across all
combinations of interventions evaluated, intervention was
better than control for improving all three outcomes, but
the effect of individual components was less clear given
that the majority of the evidence-base concerned trials
where these elements were delivered in combination.

The CNMA results support the findings of the original re-
view in suggesting that any of the investigated types of psy-
chological preparation may reduce length of stay in hospital
by around half a day, an effect which may not only be clin-
ically important but which may also represent substantial
resource savings for health providers. Our results suggest
that all psychological components, other than emotion-
focused interventions may contribute to this benefit, with
the strongest evidence for behavioral instruction.

Our results also confirmed benefits of any psychological
intervention on both pain and negative affect (with effect
sizes that may be considered low to moderate on a stan-
dardized scale [34]). There was evidence that relaxation
may improve postoperative pain. However, emotion-
focused techniques were ranked as the most likely to be
of benefit despite the uncertainty surrounding the estimate
of effectiveness. In addition, although E could be beneficial
for pain, there was a possibility of a negative effect on
length of stay. There was insufficient evidence that individ-
ual components contributed to the overall reduction in
negative affect, but procedural and sensory information
emerged as the most likely beneficial components. Overall,
we were unable to identify any one component as the most
effective across all three outcomes.

In clinical practice, the results support the use of psycho-
logical preparation for surgery to achieve emotional, pain,
and resource use benefits. In particular, relaxation has been
shown to be beneficial for reducing pain, and there is some
indication that procedural information, sensory informa-
tion, and behavioral instruction may be effective at
reducing hospital stay for different types of surgery. In
addition, combining components could maximize the
benefit of receiving psychological intervention. However,
some components and combinations have not been suffi-
ciently evaluated to draw conclusions. Furthermore, greater
gains are made when normal care results in longer length of
stay or more negative affect, confirming the earlier findings
of de Bruin et al. [20] in the context of HIV adherence.
However, given the considerable uncertainty and residual
heterogeneity in the CNMAs, further studies would be
required before more detailed recommendations can be
given. To that end, using a component-based model helps
to inform specific gaps in the research and could potentially
be used formally to inform which combinations of compo-
nents should be evaluated in future trials [35].

Before this analysis, there was uncertainty surrounding
which CNMA model would be the most clinically mean-
ingful. Therefore we used the deviance information criteria
as a guide for choosing the most appropriate model along-
side clinical expertise. Clinical expertise was important
because deviance information criteria is a statistical



Table 4. Predictions for reduction in length of stay for combinations of control group length of stay, type of surgery, and intervention

Control group length
of stay (days) Type of surgery Intervention

Mean change in length of stay (days) with
intervention (95% CrI)

5 CV P 0.845 (�0.584, 2.251)

5 CV S �1.535 (�2.971, �0.059)

5 CV B 0.445 (�0.236, 1.123)

5 CV C �0.028 (�0.725, 0.643)

5 CV R �0.114 (�1.532, 1.410)

5 CV E 2.553 (�194, 199)

5 Orthopedic P �1.469 (�3.864, 0.831)

5 Orthopedic S 2.987 (0.473, 5.588)

5 Orthopedic B 0.012 (�0.580, 0.721)

5 Orthopedic C 0.446 (�196, 196)

5 Orthopedic R 0.0006 (�196, 196)

5 Orthopedic E �0.189 (�2.458, 1.994)

5 Other P 0.405 (�0.372, 1.145)

5 Other S 0.475 (�0.387, 1.405)

5 Other B �0.772 (�1.489, �0.089)

5 Other C 0.348 (�0.588, 1.283)

5 Other R �0.187 (�1.035, 0.682)

5 Other E 2.516 (0.497, 4.584)

15 CV P �0.137 (�1.559, 1.214)

15 CV S �2.517 (�4.096, �0.954)

15 CV B �0.538 (�1.407, 0.265)

15 CV C �1.010 (�2.010, �0.101)

15 CV R �1.096 (�2.554, 0.426)

15 CV E 1.571 (�195, 198)

15 Orthopedic P �2.451 (�4.565, �0.421)

15 Orthopedic S 2.005 (�0.719, 4.791)

15 Orthopedic B �0.970 (�1.749, �0.151)

15 Orthopedic C �0.536 (�197, 195)

15 Orthopedic R �0.981 (�197, 195)

15 Orthopedic E �1.171 (�3.604, 1.121)

15 Other P �0.577 (�1.615, 0.387)

15 Other S �0.507 (�1.242, 0.253)

15 Other B �1.754 (�2.632, �0.949)

15 Other C �0.634 (�1.707, 0.413)

15 Other R �1.169 (�2.097, �0.269)

15 Other E 1.534 (�0.212, 3.325)

Abbreviations: P, procedural information; S, sensory information; B, behavioral instruction; C, cognitive intervention; R, relaxation; E, emotion-
focused techniques; CV, cardiovascular; CrI, credible interval.
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measure of model fit, which identifies the model with the
best fit to the data which may not always be the most clin-
ically meaningful model. A 2003 study showed that only
6% of trials detected statistically significant treatment inter-
actions between components [8,36]. We assessed pairwise
interactions between components through model 3, which
relaxes the additivity assumption for combinations of two
components but not for combinations of three or more com-
ponents. With few studies evaluating each component,
model 3 could be underpowered to identify any interac-
tions. However, we felt it was important to consider the
possibility of interactions although we were limited to
considering pairwise interactions only, and this should be
kept in mind when interpreting the results. For all three out-
comes, the additive main effects model was selected as the
most appropriate model. The additive effects model as-
sumes that the effect of each component is independent
of any other components it might be combined with. When
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Fig. 4. Probability of being the most effective component for reducing
length of stay, pain, and negative affect from model 2 including con-
trol group mean. P, procedural information; S, sensory information;
B, behavioral instruction; C, cognitive intervention; R, relaxation;
E, emotion-focused techniques.
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the assumption of additivity is valid, then the additive ef-
fects model can increase the precision in the estimates of
the component effects. However, when the assumption is
violated, the component effects may be biased. Previous
work by Thorlund et al. has shown that the additive effects
model is valid as long as approximate additivity can be
assumed [8].

A key assumption of NMA (and pairwise MA) is similar-
ity in the definition of components across trials [37]. In this
review, there was considerable variation in the definitions of
interventions and outcomes, for example ‘‘behavioral in-
struction’’ could refer to strengthening exercises the patient
is told to carry out before surgery, or instructions about using
equipment postsurgery; exact measures for pain and negative
affect, and the timing of assessment, varied across studies.
For all three outcomes, there was some evidence of impor-
tant statistical heterogeneity, and this was only partially ex-
plained by the inclusion of specific component effects and
other covariates. For example, the heterogeneity in types
of surgery was reflected in the variation in the mean length
of stay. However, when type of surgery was taken into ac-
count heterogeneity remained in the model.

For both length of stay and negative affect, we identified
control group risk as an important covariate for improving
outcomes. However, a limitation of this analysis is that con-
trol group results will depend in part on baseline character-
istics and in part on the components of standard care
provided to the control participants. In the original Co-
chrane review, it was noted that control groups were often
underspecified and referred to ‘‘treatment as usual’’ in the
primary studies. In addition, ‘‘treatment as usual’’ was
likely to have included some procedural information and
behavioral instruction, but it would have been impossible
to quantify. Nevertheless, where authors did specify inter-
vention components as part of what the control group
received, it had to be clear that the intervention group
was receiving more of that component than the control
group for that component to be coded as being present.
A main assumption of NMA is consistency of the direct
and indirect evidence. One way to check consistency is
through loops in the network where the treatment effect
from the direct evidence can be compared with the treat-
ment effect from the indirect evidence [38e40]. In this
article, our networks were generally star shaped with the
control group at the center of the ‘‘star’’ and head-to-
head comparisons between interventions mainly from
multi-arm trials. Therefore, we did not have treatment loops
in which we could assess the assumption of network consis-
tency. In addition, some comparisons were only informed
by direct evidence from one trial. Indirect comparisons
can require up to four times as much information as direct
comparisons for the same precision. Therefore, it is
possible that we may have been unable to identify some
important effects due to lack of power [6].

In this article, we have fitted the CNMA models using a
Bayesian framework. This has several advantages including
the ability to estimate the probability that each component
will be the best for each outcome. In addition, we were able
to include the covariate baseline risk, correctly adjusting for
potential regression to the mean due to measurement error,
by using arm-based data, while synthesizing on the stan-
dardized mean difference scale; which we believe is a first
for this sort of component modeling.

The analysis of complex reviews of interventions with
multiple components remains challenging, particularly when
time and resources are limited. Often only narrative synthesis
may be possible, but when sufficient data for meta-analysis
are available, there are important limitations when trying
to interpret the results of multiple pairwise meta-analyses.
In this article, we have illustrated the potential benefits of
the more sophisticated but rarely-used CNMA methods,
which we have successfully used to help elucidate the
long-term effects of individual psychological components
on surgery. We encourage wider adoption of these techniques
and further methodological research in this area.
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