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measurements in pediatric patients undergoing surgery. However, forehead vascula-

Objective: Our aim was to compare the Plethysmographic Variability Index measured
via finger or forehead probes in mechanically ventilated pediatric surgery patients in
Section Editor: Laszlo Vutskits terms of their ability to predict fluid responsiveness as well as to determine the best
cut-off values for these two measurements.

Materials and Methods: A total of 50 pediatric patients undergoing minor elective
surgery were included after provision of parental consent and ethics committee ap-
proval. Perfusion index measured at the finger or forehead and Plethysmographic
Variability Index monitoring comprised the primary assessments. Hemodynamic pa-
rameters monitored included perfusion index, Plethysmographic Variability Index, and
cardiac output. A>15% increase in cardiac output following passive leg raise maneu-
ver was considered to show fluid responsiveness. Two groups were defined based on
fluid responsiveness: Group R (responsive) and Group NR (non-responsive). Student's
t-test, Mann-Whitney U test, DeLong test, and ROC were used for statistical analysis.
Results: The area under curve for finger and forehead Plethysmographic Variability
Index prior to passive leg raise maneuver were 0.699 (p = .011) and 0.847 (p<.001),
respectively. The sensitivity for finger and forehead measurements at a cut-off value
of <14% was 92.9% and 96.4%, and 45.4% and 72.7%, respectively.

Conclusion: Although forehead and finger Plethysmographic Variability Index moni-
toring were similarly sensitive in predicting fluid responsiveness in pediatric surgical
patients, the former method provided higher specificity. The best cut-off value for PVI

measurements with forehead and finger probes was found to be 14%.
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1 | INTRODUCTION

The objectives of perioperative fluid management include ensuring
adequate and reliable tissue oxygenation via blood circulation and
maintaining effective cardiac output to meet metabolic requirements.
Studies have shown that in adult patients, individualized and targeted
fluid management strategies optimizing perioperative cardiac output
may reduce morbidity, mortality, and the length of hospital stay.X™*

A multitude of studies have reported on the use of cardiopul-
monary interactions in assessing the fluid responsiveness in pa-
tients under mechanical ventilation.’ Dynamic parameters obtained
through continuous monitoring are known to provide a more ef-
ficient method to assess fluid responsiveness as compared with
the parameters obtained through measurements at single time-
points.6 As compared with other dynamic measurement techniques,
Plethysmographic Variability Index (PVI) has been shown to provide
a non-invasive means for predicting intravascular volume status. Its
advantages include the ease of use, no requirement for interven-
tional procedures, and provision of numerical data.” The reliability of
PVI measurements is adversely affected by hypothermia, circulatory
failure, vasopressor use, vasoconstriction, and stimulation of the
sympathetic nervous system. A reliable PVI measurement requires a
perfusion index (PI) value of greater than 0.5. Previous studies have
suggested that the forehead vasculature is more resistant to alter-
ations in vasomotor tonus, as compared with finger vasculature.?®

Based on these data, we aimed to compare the efficacy of PVI
measured at the finger or forehead in predicting the fluid responsive-
ness in pediatric surgical patients under mechanical ventilation and to
determine the best cut-off value for these two measurements. Passive
leg raise maneuvers were used to assess the fluid responsiveness.

2 | METHODS

The study protocol was approved by the Ethics Committee (date,
January 3, 2020; no, 09.2020.132) and registered the clinicaltrials.
gov (NCT04835610). The study was registered after completing
data acquisition.

A total of 50 pediatric patients aged between 5 and 12years with
an ASA of | or Il who were scheduled to have elective minor surgery
(expected bleeding <500ml) under general anesthesia were included
in this study after written approval from the parents or legal guardians.
Exclusion criteria included the presence of cardiopulmonary diseases,
spontaneous respiratory effort, Allen test positivity, peripheral vascu-

lar insufficiency, use of vasopressor agents, anemia, or hypothermia.

2.1 | Anesthesia management

Routine pre-medication with midazolam was given to all patients.
Peripheral oxygen saturation (SpO2), electrocardiography (ECG),
and non-invasive blood pressure were monitored at the operation
theater. Additionally, Pl and PVI monitoring were performed using

What is already known

e Plethysmographic Variability Index is a non-invasive and
dynamic hemodynamic assessment tool used in fluid
management that reflects the preload changes due to
cardiopulmonary interactions.

e Despite the presence of a variety of tools utilized to
monitor fluid status of patients, their utility in pediatric

patients is limited.

What this article adds

e Plethysmographic Variability Index allows continu-
ous and non-invasive monitoring of fluid status in
pediatric patients under mechanical ventilation.
Plethysmographic Variability Index monitoring via fore-
head probes were found to be more reliable than that

performed via finger probes.

M-LNCS™ Red TFA-1 forehead probes and M-LNSC™ Pdtx finger
probes compatible with a Masimo device.

Anesthesia was induced with 2-3 mg/kg propofol and 1 mcg/kg
remifentanil in those with previously established venous line, while
in others 8% sevoflurane (6 L/min) in 80% oxygen and 20% nitrogen
protoxide mixture were administered using face masks. Muscular
relaxation was achieved with 0.6 mg/kg of rocuronium bromide.
Endotracheal intubation was performed to maintain airway continu-
ity. Anesthesia was maintained at 1 MAC sevoflurane and 0.25mcg/
kg/min remifentanil infusion. As in the other routine procedures,
patients were ventilated to achieve normocapnia using auto-flow
mode at 5 cmH20O PEEP, 8-10 ml/kg tidal volume, and respiration

frequency of 10-18 per minute.

2.2 | Assessment methods and data collection

A 5-min time interval was allowed to achieve hemodynamic and
respiratory stability following endotracheal intubation, after which
heart rate, SPO2, MAP (mean arterial pressure), Pl, PVI, and CO with
USCOM were assessed according to the following scheme:

1. Five minutes after the patient was in half-sitting position at
45 degrees.

2. One minute after PLR at 45 degrees following achievement of su-
pine position.

3. Five minutes after restoration of the original body position.

A215% increase in CO after PLR was considered fluid respon-
siveness, while the absence of this increase was considered as
non-responsiveness, hence two groups were defined: Group R (re-
sponsive) and Group NR (non-responsive). No fluid was given from
anesthesia induction until the completion of assessments. The
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ultrasonic cardiac output monitor (USCOM) (Pty Ltd, Coffs Harbor)
is a non-invasive monitoring device allowing bedside CO measure-
ments. In multiple studies, USCOM have been shown to provide
reliable and accurate CO measurements in pediatric patients, with
additional piece of evidence from animal studies.®** Alterations in
cardiac output with passive leg raising provide a sensitive means for
detecting fluid deficit in patients with spontaneous respiration or
under mechanical ventilation.'? In pediatric patients over 5years of
age, the measurement of CO alterations with PLR is known to pre-
dict fluid responsiveness.*>* Thus, USCOM has been approved for
use in pediatric patients by the Food and Drug Administration (FDA),

based on its reliability and practicability.”*>

2.3 | Statistical analysis

Statistical analysis was performed R vers. 2.15.3 software (R Core
team, 2013). The study data were reported with mean, standard de-
viation, median, first quartile, third quartile, frequency, percentage,
minimum, and maximum. Quantitative data with normal distribution
were compared with independent groups t-test, while those without
normal distribution were compared with Mann-Whitney U test. The
diagnostic screening tests [sensitivity, specificity, positive predictive
value (PPV) and negative predictive value (NPV)] as well as a receiver
operating characteristic (ROC) analysis were utilized for predicting
cut-off values. ROC areas under curve (AUC) were compared with De
Long method. Statistical significance was assessed at a p value of <.05.

For sample size calculations, data from a similar study were taken
into consideration where a reduction in crystalloid infusion volume
of 452ml (1815ml vs. 1363 ml) was considered significant, with pa-
tients receiving fluid replacement, under the guidance of ROC AUC
differences of PVIf 0.836 +0.077 and PVIfore 0.906 +0.666 for pre-
dicting fluid responsiveness.“’ Accordingly, the minimum sample size
required was 38 (n = 19 in each group) at an alpha and beta error
probability of 0.05 and 0.20, respectively. Based on possible drop-
outs, a total of 50 patients were planned for inclusion.

3 | RESULTS

A total of 50 pediatric patients aged between 5 and 12years with
an ASA of | or Il and undergoing minor surgical procedures were in-
cluded. Overall, 44% patients (n = 22) were fluid responsive, and
56% (n = 28) were non-responsive. Table 1 shows the patient data.

HR and MAP before, during and after PLR did not differ sig-
nificantly between fluid responsive and non-responsive patients
(p>.05). (Table 2).

Patients with fluid responsiveness had significantly higher CO
during PLR (p<.001), suggesting that these patients are sensitive
to increased pre-load. On the contrary, detection of similar CO be-
fore and after PLR in the two study groups show that assessment of
fluid status with PLR maneuver and USCOM is a reproducible test
(p>.05).

Finger PVI during and after PLR were statistically comparable
(p<.05) in the study groups, while fluid responsive patients had
higher finger PVI before PLR as compared with non-responsive sub-
jects (p =.016).

Fluid responsive patients had significantly higher forehead PVI
before, during, and after PLR (p<.001, =.004, and <.001, respec-
tively), suggesting that forehead PVI can discriminate between fluid
responsive and non-responsive patients irrespective of the position.
(Table 3).

Receiver operating characteristic analysis was also performed to
test the utility of finger PVI, forehead PVI, and PI values in terms of
predicting fluid responsiveness. Accordingly, the AUC for finger PVI
before PLR was 0.699 (95% Cl: 0.553, 0.820; p = .001) (Figure 1.L).
The sensitivity, specificity, PPV, and NPV for this measurement at a
cut-off value of <14 were 92.9%, 45.4%, 68.4%, and 83.3%, respec-
tively (Table 4). The AUC for finger PVI after PLR was 0.677 (95% Cl:
0.530, 0.802; p = .024). The sensitivity, specificity, PPV, and NPV
for this measurement at a cut-off value of <14 were 82.1%, 31.8%,
60.5%, and 58.3%, respectively.

The AUC for forehead PVI before PLR was 0.847 (95% CI:
0.724, 0.971; p<.001) (Figure 1.R). The sensitivity, specificity, PPV,
and NPV for this measurement at a cut-off value of <14 were 96.4,
72.7%, 81.8%, and 94.1%, respectively. The AUC for forehead PVI
after PLR was 0.826 (95% Cl: 0.709, 0.944; p <.001). The sensitivity,
specificity, PPV, and NPV for this measurement at a cut-off value of
<13 were 96.4%, 50%, 71.1%, and 91.7%, respectively.

To compare the relative superiority of finger and forehead PVI
in predicting fluid responsiveness, areas under ROC curves were
compared using the De Long method. The area determined for fore-
head PVI before PLR was significantly higher as compared with area
determined for finger PVI before and after PLR (p = .002, =.011,
respectively). AUCs for forehead PVI before and after PLR as well
as AUCs for finger PVI before and after PLR were statistically

TABLE 1 Demographical data

Group R Group NR
(n=22) (n = 28)
Mean +SD Mean + SD p-Value
Age (years) 8.68+2.75 7.75+2.24 1932
Weight (kg) 28.86+9.27 24.54+712 >.05
Body temperature (C°) 36.19+0.21 36.14+0.24 >.05
n (%) n (%) p-Value
Sex
Female 6(42.9) 8(57.1) 919°
Male 16 (44.4) 20 (55.6)
ASA
1 20 (45.5) 24 (54.5) .683°¢
2 2(33.3) 4(66.7)

Note: Statistical analysis - ?Independent samples t-test, Pearson's chi
square test, “Fisher's exact test.
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TABLE 2 Data before, during, and after PLR based on fluid response
Group R (n =22) Group NR (n = 28)
Mean +SD Mean +SD Difference (95% Cl) p-Value?
HR (beat/min) Before PLR 113.23 +19.03 113.68 +15.31 0.99 (0.91-1.08) 926
During PLR 98.32 +16.86 97.46 +£14.5 1.00(0.91-1.10) .848
After PLR 108.73 +17.77 107.14 +15.06 1.00(0.91-1.10) 734
MAP (mmHg) Before PLR 70.27 +13.68 68.43 £6.7 1.02(0.93-1.12) .566
During PLR 67.14 +12.87 69.36 +7.05 0.96 (0.88-1.05) 472
After PLR 67.91 +£14.64 65.64 £6.97 1.03(0.93-1.14) .509
SPO, (%) Before PLR 99.50 +0.8 99.71 +£0.53 0.99 (0.99-1.00) 264
During PLR 99.68 £0.65 99.75 £0.44 0.99 (0.99-1.00) .660
After PLR 99.64 +0.73 99.71 +0.46 0.99 (0.99-1.00) 646
CO (ml/dk) Before PLR 3.18 £0.66 3.20+£1.13 0.99 (0.84-1.17) .933
During PLR 4.17 +0.98 3.10 +1.00 1.34(1.15-1.58) <.001*
After PLR 3.17 £0.82 294 £1.02 1.07 (0.90-1.28) .395
Note: Statistical analysis - *Independent samples t-test; *p <.05.
Abbreviations: CO, cardiac output; HR, heart rate; MAP, mean arterial pressure.
TABLE 3 Plethysmographic data before, during, and after PLR
Group R (n=22) Group NR (n = 28)
Mean +SD Mean+SD Difference (95% Cl) p-Value®
Finger PVI (%) Before PLR 13.55 +7.07 9.18 +4.36 1.47 (1.09-1.96) .016*
During PLR 9.73 +8.51 6.96 +3 1.39(0.85-2.01) 116
After PLR 13.18 +7.76 9.54 +5.07 1.38(0.86-2.11) .051
Finger Pl (%) Before PLR 3.77 +1.74 4.29 +2.06 0.87 (0.66-1.12) .352
During PLR 4.68 +2.18 5.33+2.21 0.87(0.67-1.12) .307
After PLR 3.42 +1.62 4.11+1.86 0.83(0.63-1.08) 174
Forehead PVI (%) Before PLR 16.45 +6.65 8.61 +£2.99 1.91(1.52-2.36) <.001*
During PLR 10.5 +4.17 7.39 +2.25 1.42(1.14-1.73) .004**
After PLR 14.86 +6.47 8.75+3.19 1.69(1.33-2.13) <.001*
Forehead Pl (%) Before PLR 0.59 +0.38 0.72 +0.6 0.81(0.53-1.28) .338
During PLR 0.76 +0.55 0.85 +0.77 0.89 (0.55-1.47) .613
After PLR 0.53 £0.27 0.98 +1.24 0.54 (0.33-1.06) .071

Note: ?Independent samples t-test; *p <.05; **p <.01.

Abbreviations: PI, perfusion index; PVI, Plethysmographic Variability Index.

comparable (p>.05), suggesting the reliability and reproducibility of

our measurements.

4 | DISCUSSION

The present study compared the effectiveness of forehead PVI and
finger PVI monitoring in the prediction of fluid responsiveness in
mechanically ventilated pediatric surgical patients. Although both
measurements were highly sensitive, the specificity of forehead
PVI was significantly higher as compared with finger PVI (72.7% vs.
45.4%), suggesting that data obtained using forehead probes for

predicting the fluid responsiveness among pediatric surgery patients
may provide a more effective and reliable measurement.
Plethysmographic Variability Index monitoring is routinely per-
formed using finger probes. However, in recent years, probes al-
lowing measurements at forehead or ear have been developed. Our
literature search suggested that studies examining the compara-
tive efficacy of these two probes were mainly limited to adult pa-

tients, %17

while data on PVI in pediatric patients were limited to
studies using fingers as the sole monitoring site.*®* Thus, we de-
signed this study involving pediatric surgical patients who are known
to have more rapid and deeper vasomotor tonus alterations as com-

pared with adults due to several different mechanisms.?°
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FIGURE 1 Left Panel ROC curves for finger PVI before and after PLR in the prediction of fluid responsiveness. Right Panel ROC curves
for forehead PVI before and after PLR in the prediction of fluid responsiveness.

TABLE 4 Utility of forehead and finger PVI values for the assessment of fluid responsiveness

Cut-off
AuROC (95% ClI) p-Value value
Finger PVI Before PLR  0.699 (0.553-0.820) .011* <14
After PLR 0.677 (0.530-0.802) .024* <14
Finger PI Before PLR 0.588 (0.440-0.726) .286 >3.3
After PLR 0.657 (0.499-0.816)  .051 >3.2
Forehead PVI Before PLR 0.847(0.724-0.971) <.001** <14
After PLR 0.826 (0.709-0.944) <.001** <13
Forehead PI  Before PLR 0.640(0.473-0.808) .099  >0.45
After PLR 0.674 (0.516-0.832) .031* >0.44

Sensitivity

(95% ClI)

92.9 (76.5-99.1)
82.1(63.1-93.9)
71.4 (51.3-86.8)
71.4 (51.3-86.8)
96.4 (81.7-99.9)
96.4 (81.7-99.9)
78.6 (59.0-91.7)
82.1(63.1-93.9)

Specificity

(95% ClI)

45.4 (24.4-67.8)

31.8(13.9-54.9)
50(28.2-71.8)

63.6 (40.7-82.8)

72.7 (49.8-89.3)
50(28.2-71.8)

59.1(36.4-79.3)

59.1(36.4-79.3)

PPV (95% ClI)

68.4 (51.3-82.5)
60.5 (43.4-76.0)
64.5(45.4-80.8)
71.4 (51.3-86.8)
81.8 (64.5-93.0)
71.1(54.1-84.6)

71(52.0-85.8)
71.9 (53.3-86.3)

NPV (95% Cl)

83.3(51.6-97.9)
58.3(27.7-84.8)
57.9 (33.5-79.7)
63.6 (40.7-82.8)
94.1(71.3-99.9)
91.7 (61.5-99.8)
68.4 (43.4-87.4)
72.2 (46.5-90.3)

Abbreviations: AUROC, area under receiver operating characteristic; Cl, confidence interval; NPV, negative predictive value; PPV, positive predictive value.

*p<.05; **p<.001.

Although studies investigating the PVI cut-off values for fore-
head probes among adults are scarce in number, those using finger
probes reported cut-off values ranging between 12% and 19%.”17-22
In Desgrandes et al.'s study, the reported cut-off values for PVI to
predict fluid responsiveness in adult patients was 12% for finger
and 15% for forehead probes.!® On the contrary, in Fischer et al.
study, the cut-offs for PVI were 19% and 12% for finger and fore-
head probes, respectively.)” Among our pediatric patients, the cut-
off for PVI for forehead and finger probe measurements was 14%.
A ROC AUC analysis based on this cut-off value showed that both
methods had high sensitivity in predicting fluid responsiveness
(96.4% for finger and 92.9% for forehead probes). However, mon-
itoring performed using forehead probes were associated with
higher specificity (72.7% vs. 45.4%). The reported sensitivity and
specificity for forehead probes among adult patients are 88-89%

and 78%, respectively.i"”17 The AUC for PVI prior to PLR in our study
was 0.847, which is very close to the figure reported by Desgrandes
et al. (0.906).1¢ Therefore, the sensitivity and specificity of forehead
probes in pediatric patients appear to be akin to previous observa-
tions among adult patients.

Although the sensitivity of finger PVI was similar to the adult
data, the specificity was lower. For instance, as compared with a
specificity of 100% reported by Cannesson et al.” the specificity for
a PVI cut-off of 14% in our study was 45.4 (AuROC 0.6999). In our
study, the collateral circulation of the hand was assessed in all pa-
tients with Allen's test, and the third finger was chosen for probe
placement, as it is known to have the highest local perfusion.?®
However, it was possible that the finger probe might not have re-
sponded adequately or might have responded with delay to alter-
ations in perfusion, due to the immaturity of the collateral circulation
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in pediatric patients. This may represent a potential explanation for
low specificity of finger PVI.

The observed superiority of forehead PVI in predicting fluid re-
sponsiveness may be associated with the effect vessel caliber and
pulse pressure on Pl. Reduction in systemic vascular resistance due
to anesthetic agents is not equally distributed throughout the body.
For instance, vascular structures of the head have been reported to
be less prone to the effects of the sympathetic nervous system as
compared to extremities.>® As compared with the fingers, head and
ear regions have been found to have lower Pl variation coefficients,
and despite this, PVI values were higher.* It has been suggested the
Pl variations in fingers may be more related to the vasomotor tonus
than to the volume status of the individual.'®

Higher specificity of the forehead probes as compared to fin-
ger probes in pediatric surgical patients may be explained in sev-
eral ways. Mechanical ventilation has an impact on the power of
photo-plethysmographic signals, which play a primary role in Pl
measurements.?* Signals at the head region are stronger than the
signals at the extremities.?* Although PI values at the forehead
are lower, the effect of ventilation on signals is more pronounced
when compared to the finger, possibly due to higher blood flow
and shorter measurement distance in the head region as compared
with the extremities in pediatric patients. In contrast with the fin-
ger probes, the measurements performed by forehead probes are
based on infrared light reflection, rather than the light absorbed
by erythrocytes loaded with oxyhemoglobin. Measurements based
on trans-reflection and absorption react similarly to hemodynamic
change.25 However, it is possible that the former method may
provide more sensitive measurements than the latter. Another
potential explanation for the more reliable measurements by the
forehead probes may be related with the prevention of pulsations
in the venous circulation. External compression may influence
photo-plethysmographic measurements. In Teng et al’s study,
compression was found to be associated with an initial increase in
AC/DC ratio, followed by a decrease.?® However, oxyhemoglobin
in the venous blood may also contribute to these measurements as
a result of inadequate compression. In a method aiming to assess
the beat-to-beat variations, the focus of the measurement consists
of the alterations in arterial pulsation. In our study, the probes were
externally fixed with plaster and a partial compression was applied
while performing measurements with forehead probes. The plaster
not only prevents the effect of the external light beams on photo-
plethysmographic signals, but also prevents venous circulation due
to the partial pressure.?’

Obligatory monitoring such as near infrared spectroscopy (NIRS)
and bispectral index (BIS) requires too many sensor attachment
sides on the forehead of critically ill surgical children. In this patient
population, there will be no place for a third sensor. In this situation,
placement of the BIS sensor across the nasal bridge may be an alter-
native. This alternative positioning in adults is suggested by Nelson
P et al, nevertheless it is not validated in pediatric patients, yet.28
For the time being, lack of sufficient space stands as a limitation of
the forehead PVI monitoring in pediatric patients. This could force

the anesthetists to choose the monitoring device that most meets
their need.

In fluid responsive group, we observed a slight and statistically
not significant decrease in MAP. The basic physiologic response to
PLR is an increase in CO together with an increase in MAP. We con-
cluded that this response may not be obvious in all children because
of the physiologic characteristics of the pediatric population.

In prolonged surgical procedures, pediatric patients are more
predisposed to heat loss than adult patients. Since hypothermia may
be associated with vasoconstriction, it may reduce the reliability of
photo-plethysmographic measurements. In our study, all patients
had normothermia, which precluded the evaluation of the effect of

hypothermia on forehead PVI measurements.

41 | Limitations

Children aged between 5 and 12years were included in this study.
Therefore, our results cannot be generalized to younger children.
On the contrary, a narrower age range could have provided more
reliable results due to more homogeneous sample characteristics.
Measurement of CO with invasive methods could have allowed
more precise measurements of volume status. However, although
USCOM is non-invasive, its efficacy in CO measurements in pedi-
atric patients has already been established.®?*> Also, fluid infusion
could have been used instead of the PLR maneuver in the detec-
tion of fluid responsiveness. However, this was an ethical issue. Our
study was based on the exclusive use of non-invasive methods. The
Allen's test was used to assess the collateral perfusion of the hand.
This may be a relatively weak test to assess the hand circulation,
but the study population consisted of otherwise healthy children es-
timated to have normal hand perfusion. We have chosen the third
finger anyway. Another limitation was related to the fact that the
values obtained were pertained to the pre-surgery period. The ef-
fect of the type and duration of surgery on measurements remained
unknown.

In conclusion, PVI based on the use of forehead probes provided
similar sensitivity, but superior specificity as compared to finger
probes in pediatric surgical patients. The cut-off value for PVI for
both measurement sites was 14%. Our results suggested that use of
forehead probes for PVI monitoring may represent a viable alterna-
tive to the use of finger probes.
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