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Background: Nociception monitors are being increasingly used
during surgery, but their effectiveness in guiding intraoperative opioid
administration is still uncertain. This meta-analysis of randomized
controlled trials (RCTs) aimed to compare the effectiveness of nociception
monitors vs. standard practice for opioid administration titration during
general anesthesia.

Methods: We searched the electronic databases of PubMed, EMBASE,
Cochrane Library, Clinical Trial, and Web of Science from inception up
to August 1, 2021, to identify relevant articles, and extracted the relevant
data. Intraoperative opioid administration, extubation time, postoperative
pain score, postoperative opioid consumption and postoperative nausea and
vomiting (PONV) were compared between patients receiving nociception
monitoring guidance and patients receiving standard management. The
standardized mean difference (SMD), with 95% confidence interval (Cl), was
used to assess the significance of differences. The risk ratio (RR), with 95% ClI,
was used to assess the difference in incidence of PONV. Heterogeneity among
the included trials was evaluated by the 12 test. RevMan 5.3 software was used
for statistical analysis.

Results: A total of 21 RCTs (with 1957 patients) were included in
the meta-analysis. Intraoperative opioid administration was significantly
lower in patients receiving nociception monitor-guided analgesia than
in patients receiving standard management (SMD, —0.71; 95% Cl, —1.07
to —0.36; P < 0.001). However, pain scores and postoperative opioid
consumption were not significantly higher in the former group. Considerable
heterogeneity was found among the studies (92%). Extubation time was
significantly shorter (SMD, —0.22; 95% Cl, —0.41 to —0.03; P = 0.02)
and the incidence of PONV significantly lower (RR, 0.78; 95% CI, 0.61
to 1.00; P = 0.05) in patients receiving nociception monitoring guidance.
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FIGURE 9
Subgroup analysis according to different classification of surgeries.

Publication bias

The funnel plot for all included studies (Figure 13) showed
asymmetric distribution around the effect estimate, indicating a
slight publication bias in this analysis.

Sensitivity analysis

Due to the high heterogeneity of primary outcome,
sensitivity analysis was performed for intraoperative opioid
administration by omitting single study sequentially and
recalculating the pooled SMD. The results showed that the
overall statistical significance did not change when each single
study was omitted (Supplementary Table 4).

Discussion

This meta-analysis showed that use of nociception monitors
can significantly reduce intraoperative opioid administration,
without causing increase in postoperative pain or postoperative
opioid consumption. Furthermore, nociception monitoring
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guidance significantly shortened time to extubation and lowered
the incidence of PONV.

Nociception monitors are claimed to reflect nociception
accurately (30). The primary goal of nociception monitors
is to precisely tailor opioid administration according to the
individual patients needs and surgical stimuli. In standard
practice, opioids are usually administered as premedication
or according to a fixed algorithm during surgery, but this
approach could result in excessive intraoperative opioid
administration. Our meta-analysis showed significant reduction
in intraoperative opioid administration with the use of
nociception monitors. Even after the inclusion of evidence from
several new studies, our conclusion remains consistent with
previous studies (5, 11, 31).

We found that intraoperative opioid administration was
significantly lower with NoL or PPI guidance than with standard
anesthesia; however, no significant difference was found with
ANI or SPI guidance. Jiao et al. (11) found that intraoperative
opioid administration was reduced by SPI guidance but not
by ANI guidance and suggested that SPI should be preferred
over ANI. However, our meta-analysis, which included four
recent studies (3, 10, 20, 22) on intraoperative use of SPI, found
no advantage with SPI. There could be several explanations
for this difference in results. First, prone position during
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Experimental Control

Study or Subgroup Mean SD Total Mean SD Total Weight
3.3.1 =12 years
Choi SN 2020 116.7 56 27 1558 649 27 4.0%
Park JH 2015 043 053 21 173  0.59 24 3.6%
Subtotal (95% CI) 48 51 7.6%
Heterogeneity: Tau? = 1.22; Chi? = 11.59, df = 1 (P = 0.0007); 1= 91%
Test for overall effect: Z = 1.75 (P = 0.08)
3.3.2>12 years
Bartholmes F 2020 0.41 0.06 32 085 0.16 25  3.4%
Bergmann | 2013 0.06 0.04 76 0.08 0.05 75 42%
Berthoud V 2020 0.1843 0.1101 25 0.2543 0.1101 25  3.9%
Chen XZ 2010 9.5 3.8 40 12.3 52 40  4.1%
Colombo R 2015 0.199 0.055 30 0.189 0.049 30  4.0%
Dundar N 2017 630 422 22 965 544 22 3.9%
Funcke S 2019 6.7605 3.019 12 54535 1.6772 12 3.6%
Funcke S 2019# 2.2564 0.9225 12 5.4535 1.6772 12 31%
Funcke S 2019* 4.093 1.5095 12 5.4535 1.6772 12 35%
Funcke S 2020 0.501 0.0838 23 0.349 0.082 24  3.8%
Funcke S 2020# 0.072 0.082 24 0.349 0.082 24 3.4%
Funcke S 2020* 0.189 0.0838 23 0.349 0.082 24 37%
Gruenewald M 2014 0.64 0.1075 42 0.7765 0.2076 40  4.1%
Gruenewald M 2021 0.207 0.0149 246 0.2035 0.0224 248 4.3%
Kim JH 2020 0.079 0.024 20 0.108 0.03 10 3.6%
Kim JH 2020* 0.138 0.049 20 0.108 0.03 10 3.6%
Meijer FS 2019 0.086 0.032 40 0.119 0.033 40  41%
Meijer FS 2020 6.4 42 25 6 22 25  4.0%
Sabourdin N 2017 4.0147 1.1006 25 7.7931 1.9461 30 3.8%
Szental 2015 124 6.5 59 12 5 60 4.2%
Tribuddharat S 2021 1.01 0.33 30 116 0.34 30  4.0%
Upton HD 2017 416 191 24 426 247 26 4.0%
Won YJ 2016 35 24 23 5.1 24 22 3.9%
Wu GS 2016 3.8 1.9 54 3.2 1.2 53  4.2%
Subtotal (95% CI) 939 919  92.4%
Heterogeneity: Tau? = 0.72; Chi* = 290.54, df = 23 (P < 0.00001); I> = 92%
Test for overall effect: Z = 3.52 (P = 0.0004)
Total (95% Cl) 987 970 100.0%
Heterogeneity: Tau? = 0.75; Chi? = 317.68, df = 25 (P < 0.00001); I> = 92%
Test for overall effect: Z = 3.94 (P < 0.0001)
Test for subaroup differences: Chi2 = 0.86. df = 1 (P = 0.35). 2= 0%

FIGURE 10

Subgroup analysis according to different ages.
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surgery, or laparoscopic surgery with pneumoperitoneum, can
increase venous return (32) and thereby affect the SPI values;
unfortunately, this information was not available in most of
the studies. Second, while SPI values rise rapidly in response
to surgical stimuli, they decrease slowly after disappearance
of the stimuli. The delayed response of SPI values may cause
anesthetists to not reduce the opioid infusion rate. Third,
to maintain hemodynamic stability, vasoactive drugs that
significantly affect SPI values are inevitably applied (33). Fourth,
hypercapnia can increase blood pressure and heart rate (34), and
we speculate that carbon dioxide pneumoperitoneum may affect
SPI values. Additionally, it should be noted that the reference
values for SPI were determined using the data from a large group
of adults; the “normal” values of SPI in children may be different.
A previous study found that the “ideal” SPI may be significantly
influenced by age and is possibly lower in children (35).

Our findings found that in Grade 4 surgery, intraoperative
opioid administration was reduced, but this advantage is not
evident in Grade 3 surgery. When anesthesiologists perform
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anesthesia for Grade 4 major surgery, higher doses of opioids
under standardized anesthesia may be subjectively used for the
several reasons: to inhibit high levels of injury stimulation,
to protect the cardiac with opioids (36); to enter the ICU
without worrying about delayed awakening. If the nociception
monitor is used, these subjective factors can be eliminated
and individualized analgesia can be carried out. Therefore, we
speculate that nociception monitors have an advantage in time-
consuming and difficult surgeries.

Compared with the nociception monitor-guided group
and the standard-practice group, the intraoperative opioid
administration was significantly lower in the elder 12 years,
while there is no differences in younger 12 years. Sabourdin
N reported nociception monitors of skin conductance only
correlated poorly with conventionally assessed pain levels in
children (37). Ledowski T found that a lower SPI target than
previously suggested in adults is required to avoid significant
postoperative pain (38). Therefore, the reference range of
nociception monitors in children needs to be further explored.
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Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV. Random, 95% CI IV. Random. 95% CI
1.1.1 fentanyl
Meijer FS 2020 6.4 4.2 25 6 22 25 33.9% 0.12[-0.44, 0.67]
Park JH 2015 043 053 21 173  0.59 24 32.2% -2.27[-3.08, -1.50] —
Upton HD 2017 416 191 24 426 247 26  33.9% -0.04 [-0.60, 0.51]
Subtotal (95% CI) 70 75 100.0% -0.71 [-2.03, 0.62]
Heterogeneity: Tau? = 1.27; Chi? = 27.84, df = 2 (P < 0.00001); 1> = 93%
Test for overall effect: Z = 1.04 (P = 0.30)
1.1.2 remifentanil
Bergmann 1 2013 006 0.04 76 0.08 0.05 7B T0% -0.44[-0.76, -0.12] -
Chen XZ 2010 9.5 3.8 40 123 52 40 7.5% -0.61[-1.06, -0.16] -
Choi SN 2020 116.7 56 27 1558 649 27 7.3% -0.64 [-1.18,-0.09] -
Colombo R 2015 0.199 0.055 30 0.189 0.049 30 7.4% 0.19[-0.32, 0.70] T
Dundar N 2017 630 422 22 965 544 22 71% -0.68 [-1.28,-0.07] -
Funcke S 2020 0.501 0.0838 23 0.349 0.082 24 6.9% 1.80[1.12, 2.49] -
Funcke S 2020# 0.072 0.082 24 0.349 0.082 24 6.3% -3.32[-4.22,-2.43] -
Funcke S 2020* 0.189 0.0838 23 0.349 0.082 24 6.9% -1.90 [-2.60, -1.20] -
Gruenewald M 2021 0.207 0.0149 246 0.2035 0.0224 248 7.9% 0.18[0.01, 0.36] ™
Kim JH 2020 0.079 0.024 20 0.108 0.03 10 6.5% -1.08 [-1.90, -0.27] -
Kim JH 2020* 0.138 0.049 20 0.108 0.03 10 6.6% 0.67 [-0.11, 1.45] T
Meijer FS 2019 0.086 0.032 40 0.119 0.033 40  7.4% -1.01[-1.47,-0.54] _'_
Sabourdin N 2017 4.0147 1.1006 25 7.7931 1.9461 30 6.9% -2.30 [-2.99, -1.61] -
Wu GS 2016 3.8 1.9 54 32 1.2 53  7.6% 0.37 [-0.01, 0.76] T
Subtotal (95% CI) 670 657 100.0% -0.59 [-1.08, -0.11] >
Heterogeneity: Tau? = 0.77; Chi? = 197.14, df = 13 (P < 0.00001); I> = 93%
Test for overall effect: Z = 2.39 (P = 0.02)
1.1.3 sufentanil
Bartholmes F 2020 0.41 0.06 32 085 0.16 25 13.6% -3.78[-4.67,-289] — =
Berthoud V 2020 0.1843 0.1101 25 0.2543 0.1101 25 151% -0.63 [-1.19, -0.06] -
Funcke S 2019 6.7605 3.019 12 5.4535 1.6772 12 14.0% 0.52[-0.30, 1.33] I
Funcke S 2019# 2.2564 0.9225 12 54535 1.6772 12 12.7% -2.28 [-3.35, -1.21] -
Funcke S 2019* 4.093 1.5095 12 5.4535 1.6772 12 13.9% -0.82 [-1.66, 0.02] -
Gruenewald M 2014 0.64 0.1075 42 0.7765 0.2076 40 15.5% -0.82[-1.28,-0.37] -
Tribuddharat S 2021 1.01 0.33 30 116 0.34 30 15.3% -0.44 [-0.95, 0.07] |
Subtotal (95% Cl) 165 156 100.0%  -1.14 [1.96, -0.32] e
Heterogeneity: Tau? = 1.08; Chi? = 62.33, df = 6 (P < 0.00001); I> = 90%
Test for overall effect: Z = 2.72 (P = 0.007)
-4 -2 0 2 4
Favours [experimental] Favours [control]
FIGURE 11
Subgroup analysis according to different kinds of intraoperative opioids.

Moreover there were only two studies in the <12-year-old age
group, further studies are needed to confirm this result.

We found that intraoperative remifentanil and sufentanil
administration was significantly reduced when nociception
monitors were used. Fentanyl consumption was also lower in
the nociception monitor-guided group than in the standard-
practice group, but the difference was not statistically significant,
probably because of the small sample size—only three studies
reported use of fentanyl (24, 25, 28).

Intraoperative opioid administration did not
the
intravenous anesthesia subgroups. A previous study found that

vary
significantly ~ between inhalational anesthesia and
nociception monitor-guided analgesia reduced intraoperative
opioid administration during sevoflurane anesthesia but not
during propofol anesthesia. A study suggested that this was
because opioid requirement is influenced by sedation level (39),
and the spinal mechanisms of anesthetic-induced suppression

of motor responses differ between sevoflurane and propofol
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(40). However, it also pointed out that the conclusion may not
be reliable as the meta-analysis included only a small number
of highly heterogeneous studies. In the present meta-analysis,
the majority of the new studies used BIS and entropy indices for
monitoring intraoperative sedation, which effectively avoided
the effects of excessive sedation on outcomes (11). Our meta-
analysis included a relatively larger number of studies, and the
result is therefore more reliable. Thus, anesthesia maintenance
drugs may not be one of the sources of heterogeneity.

With regard to the secondary endpoints, our findings were
consistent with previous studies. Reduced intraoperative opioid
administration due to nociception monitors shortens the time
to extubation and reduces the incidence of PONV. In addition,
we did a subgroup analysis of the extubation time, according to
the use of neuromuscular block reversal. The extubation time
was significantly shortened in patients who were antagonized by
neuromuscular block reversal. While the extubation time was
not shortened in patients without neuromuscular block reversal.
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Heterogeneity: Tau? = 0.76; Chi? = 196.95, df =
Test for overall effect: Z = 2.38 (P = 0.02)

Test for overall effect: Z = 3.17 (P = 0.002)

FIGURE 12

Std. Mean Difference
IV. Random. 95% CI

Std. Mean Difference
IV. Random. 95% ClI

Experimental Control

Study or Subgroup Mean SD Total Mean SD Total Weight
3.1.1 intravenous

Bergmann 1 2013 0.06 0.04 76  0.08 0.05 7% 17%
Berthoud V 2020 0.1843 0.1101 25 0.2543 0.1101 25  72%
Chen XZ 2010 9.5 3.8 40 12.3 52 40 7.5%
Choi SN 2020 116.7 56 27 1558 649 27 73%
Colombo R 2015 0.199 0.055 30 0.189 0.049 30 7.4%
Funcke S 2020 0.501 0.0838 23 0.349 0.082 24 6.9%
Funcke S 2020# 0.072 0.082 24 0.349 0.082 24 6.3%
Funcke S 2020* 0.189 0.0838 23 0.349 0.082 24 6.9%
Gruenewald M 2021 0.207 0.0149 246 0.2035 0.0224 248 7.9%
Kim JH 2020 0.079 0.024 20 0.108 0.03 10 6.5%
Kim JH 2020* 0.138 0.049 20 0.108 0.03 10 6.6%
Meijer FS 2019 0.086 0.032 40 0.119 0.033 40  7.4%
Sabourdin N 2017 4.0147 1.1006 25 7.7931 1.9461 30 6.9%
Wu GS 2016 3.8 1.9 54 3.2 1.2 53 7.6%
Subtotal (95% CI) 673 660 100.0%

13 (P < 0.00001); I2 = 93%

3.1.2 Ihalation

Bartholmes F 2020 0.41 0.06 32 085 0.16 25 8.5%
Dundar N 2017 630 422 22 965 544 22 94%
Funcke S 2019 6.7605 3.019 12 5.4535 1.6772 12 87%
Funcke S 2019# 2.2564 0.9225 12 5.4535 1.6772 12 7.8%
Funcke S 2019* 4.093 1.5095 12 5.4535 1.6772 12 86%
Gruenewald M 2014 0.64 0.1075 42 0.7765 0.2076 40  9.8%
Meijer FS 2020 6.4 4.2 25 6 22 25  9.6%
Park JH 2015 0.43 0.53 21 1.73 0.59 24 8.9%
Tribuddharat S 2021 1.01 0.33 30 1.16 0.34 30 9.7%
Upton HD 2017 416 191 24 426 247 26 9.6%
Won YJ 2016 35 24 23 5.1 2.4 22 94%
Subtotal (95% CI) 255 250 100.0%

Heterogeneity: Tau? = 0.90; Chi? = 94.15, df = 10 (P < 0.00001); I* = 89%

Subgroup analysis according to different anesthesia methods.

-0.44 [-0.76, -0.12]
-0.63 [-1.19, -0.06]
-0.61 [-1.06, -0.16]
-0.64 [-1.18, -0.09]
0.19 [-0.32, 0.70]
1.80 [1.12, 2.49]
-3.32[-4.22, -2.43]
-1.90 [-2.60, -1.20]
0.180.01, 0.36]
-1.08 [1.90, -0.27]
0.67 [-0.11, 1.45] T
-1.01 [-1.47, -0.54]
-2.30 [-2.99, -1.61]
0.37 [-0.01, 0.76]
-0.59 [-1.07, -0.10]

-3.78[-4.67, -2.89]
-0.68 [-1.28, -0.07]
0.52[-0.30, 1.33] T
-2.28[-3.35, -1.21]
-0.82[-1.66, 0.02]
-0.82[-1.28, -0.37]
0.12 [-0.44, 0.67]
-2.27 [-3.03, -1.50]
-0.44 [-0.95, 0.07]
-0.04 [-0.60, 0.51]
-0.65 [-1.26, -0.05]
-0.97 [-1.57, 0.37]

-4 -2 0 2 4
Favours [experimental] Favours [control]

TABLE 2 Extubation time of subgroup analysis on meta-analysis.

Subgroup SMD

Neuromuscular block reversal —2.43 (—3.59, —1.26)

Non- neuromuscular block reversal —0.67 (—1.59, 0.25)

SMD, standardized mean difference.

We speculate that this difference may be due to the fact that the
extubation time may be greatly related to the judgment of the
anesthesiologist’s supervisor when neuromuscular block reversal
was not used. Many studies have shown that reasonable control
of intraoperative opioid administration could significantly
reduce the incidence of opioid-induced hyperalgesia (41).
Opioid-induced hyperalgesia affect postoperative pain score
and postoperative opioid consumption. Therefore, we speculate
that nociception monitor-guided analgesia can reduce the
opioid-induced hyperalgesia, thus reducing postoperative pain
score and postoperative opioid consumption. Meanwhile,
there are many studies suggest that nociception monitors
predict postoperative pain (42, 43) and thus decrease the

Frontiersin Medicine

P-value Effect model Heterogeneity P-value
<0.001 Random 0.740
0.15 Random 0.004

12

incidence of severe postoperative pain. However, nociception
monitor-guided intraoperative opioid titration did not have a
significant effect on postoperative pain and postoperative opioid
consumption in this meta-analysis. Perhaps due to the surgeries
included in the studies are mainly endoscopic surgery, breast
surgery and other minimally invasive surgery, the postoperative
pain intensity is not severity. In addition, most of the studies we
included used multimodal analgesia, such as local anesthetics
or Non-Steroidal Anti-Inflammatory drugs (NSAIDs) after
surgery, which reduced the incidence of hyperalgesia (44).

A major strength of our study is that this is the largest meta-
analysis conducted to date in this field, with a large number of
studies and several types of nociception monitors. Moreover,
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FIGURE 13
Funnel plot evaluating publication bias.

we considered several sources of heterogeneity. However, the
study has several limitations. First, although multiple types
of nociception monitors were included, some (such as IoCy)
were used in too few studies. Second, anesthesia protocols for
cardiac surgery are different from those for general surgery.
Third, the efficacy of nociception monitors may not be same in
children and adults. Fourth, some characteristics of the primary
research, such as open-label design and receipt of funding
from instrument manufacturers, carry a potential risk of bias;
however, most of the included studies were published in high-
impact journals. Fifth, since some of the original studies did not
provide mean and SD, there may still be some bias, although we
used median and interquartile spacing for transformation. Last,
the sample sizes of the included studies were small; some were
only pilot studies.

Conclusion

In patients undergoing surgery under general anesthesia,

nociception monitor-guided analgesia can help reduce
intraoperative opioid administration, shorten the extubation
time, and lower the incidence of PONYV, without causing
increase in the degree of postoperative pain and opioid
consumption. Increased use of intraoperative nociception

monitoring guidance is inevitable. Further large multicenter
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