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Infrared thermography to assess dermatomal levels of labor epidural analgesia with 1 mg/mL ropivacaine plus 0.5 µg/mL sufentanil: a prospective cohort study
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Background: Assessment of the effectiveness of obstetric epidural analgesia may be difficult, and techniques for objective assessment of epidural spread of local anesthetic would be useful. In this prospective cohort study we assessed whether obstetric epidural analgesia from a low concentration of ropivacaine led to significant change in cutaneous temperature, related to sympathetic block detected by infrared thermography, at dermatomes C4, T4, T10, L2 and L5.

Methods: Women in spontaneous labor who requested epidural analgesia were consecutively recruited. Epidural analgesia was induced with a bolus of 10-15 mL of ropivacaine 1 mg/mL and sufentanil 0.5 µg/mL, followed by continuous epidural infusion. Skin temperature was measured using thermography before and 20 min after the epidural bolus. The verbal pain score using a numeric rating scale was recorded before and 60 min after the epidural bolus. The upper sensory block to cold sensation was tested 30 and 60 min after the bolus by a physician blinded to the skin temperature.

Failed epidural analgesia was defined as verbal pain score >3 at 60 min.

Results: Fifty-three parturients were included and analyzed. We found a significant increase in skin temperatures measured at T4, T10, L2 and L5 dermatomes, but not at C4, and a significant difference in the change in skin temperature at T10 between failed (n=3) and successful (n=50) epidural analgesia.

Conclusions: These results suggest that infrared thermography might be useful for the early diagnosis of successful obstetric epidural analgesia.

Introduction

Epidural analgesia is considered the gold standard for labor analgesia, [START_REF] Cambic | Labour analgesia and obstetric outcomes[END_REF] and is widely used. [START_REF] Kpea | Initial preference for labor without neuraxial analgesia and actual use: Results from a national survey in France[END_REF] Inadequate and failed epidural analgesia, as shown by more clinician-administered boluses during labor, predicts failed conversion of epidural labor analgesia to anesthesia for cesarean delivery, [START_REF] Bauer | Risk factors for failed conversion of labor epidural analgesia to cesarean delivery anesthesia: a systematic review and meta-analysis of observational trials[END_REF] and should be detected early. Although the effectiveness of epidural analgesia may be assessed using verbal pain scores and testing the upper limit of the sensory block using cold sensation, in some women these assessments are unreliable and it would be useful to have a tool for objective assessment of epidural spread of local anesthetic.

Infrared thermography is a non-invasive tool that measures the surface temperature of the skin. [START_REF] Jiang | A perspective on medical infrared imaging[END_REF] The temperature reflects cutaneous sympathetic vasoconstrictive activity that may be blocked by regional and epidural anesthesia, leading to vasodilatation and increases in local blood flow and in skin temperature. [START_REF] Bruins | Thermographic skin temperature measurement compared with cold sensation in predicting the efficacy and distribution of epidural anesthesia[END_REF][START_REF] Freise | Thoracic epidural analgesia with low concentration of bupivacaine induces thoracic and lumbar sympathetic block: a randomized, double-blind clinical trial[END_REF][START_REF] Galvin | Thermographic temperature measurement compared with pinprick and cold sensation in predicting the effectiveness of regional blocks[END_REF][START_REF] Minville | The efficacy of skin temperature for block assessment after infraclavicular brachial plexus block[END_REF][START_REF] Cheema | A thermographic study of paravertebral analgesia[END_REF] Assessment of skin temperature with infrared thermography may be an early indicator of a successful nerve block, [START_REF] Galvin | Thermographic temperature measurement compared with pinprick and cold sensation in predicting the effectiveness of regional blocks[END_REF][START_REF] Minville | The efficacy of skin temperature for block assessment after infraclavicular brachial plexus block[END_REF] and it may permit objective assessment of the cephalad spread of local anesthetic during epidural anesthesia. [START_REF] Bruins | Thermographic skin temperature measurement compared with cold sensation in predicting the efficacy and distribution of epidural anesthesia[END_REF][START_REF] Freise | Thoracic epidural analgesia with low concentration of bupivacaine induces thoracic and lumbar sympathetic block: a randomized, double-blind clinical trial[END_REF][START_REF] Cheema | Thermography: a noninvasive assessment of pediatric thoracic epidural blocks[END_REF] However, the effect on sympathetic activity of a low concentration of ropivacaine, administered into the lumbar epidural space, remains uncertain.

We conducted this preliminary prospective cohort study to assess whether lumbar epidural analgesia led to significant change in cutaneous temperature, measured by infrared thermography, in laboring women, also to assess whether infrared thermography could aid the early prediction of successful or failed epidural analgesia.

Methods

This single-center prospective non-interventional study was approved by the local ethics committee (Comité de Protection des Personnes Sud-Est IV, N°15-186) and was performed in our hospital (Hôpital Femme Mère Enfant, Lyon, France). As the study was non-interventional, the ethics committee did not require written consent. Women received verbal information and gave oral consent to participation in the study. The methodology followed the recommendations of the Strengthening the Reporting of Observational studies in Epidemiology statement (STROBE). [START_REF] Vandenbroucke | Strengthening the Reporting of Observational Studies in Epidemiology (STROBE): explanation and elaboration[END_REF] Women admitted in spontaneous active labor to our level-3 maternity unit, who were requesting epidural analgesia during the first stage of labor, were consecutively recruited and enrolled into the study. Inclusion criteria were American Society of Anesthesiologists (ASA) physical status I and II and age >18 years. Exclusion criteria were patient refusal, weight greater than 100 kg, height less than 155 cm or greater than 185 cm, any contraindication to neuraxial anesthesia technique, any early clinical sign of intravascular, intrathecal, or subdural epidural catheter misplacement after the injection of the test-dose, and severe obstetric and medical complications. In particular, specific exclusion criteria were prolonged (>24 h) spontaneous rupture of membranes, recent or active infection, maternal core temperature >38 °C at admission in the delivery room, gestational or type 1 or 2 diabetes mellitus, hypothyroidism and hyperthyroidism.

An 18-gauge epidural catheter was inserted 3 to 4 cm into the epidural space at the L3-L4 or L4-L5 interspace, with the parturient in the sitting position. A test-dose of 3 mL lidocaine 2% with epinephrine 0.0025 mg/mL was given. Epidural analgesia was established with a bolus of 10-15 mL of ropivacaine 1 mg/mL with sufentanil 0.5 µg/mL, and maintained with the same solution as a continuous infusion at 3 mL/h with patient controlled boluses (5 mL volume with a 10 min lock-out) in accordance with our local epidural analgesia protocol.

The verbal pain score using a numeric rating scale (0 = no pain, 10 = worst pain imaginable) was recorded by a physician blinded to the measurements of skin temperature before and 60 min after the end of the initial epidural bolus. Failed epidural analgesia was defined as verbal pain score >3 at 60 min. The upper level of dermatomal spread was assessed by another physician blinded to the skin temperature 30 and 60 min after the initial epidural bolus using cold sensation with ice. Lateralization of the upper limit of the sensory block was defined as a difference of at least three dermatomal levels between the left and right sides. Motor block was quantified by the Bromage score 30 and 60 min after the initial epidural bolus.

Maternal and fetal heart rates were monitored continuously and maternal non-invasive blood pressure was measured every 5 min during the first 30 min after the induction bolus, then every 10 min for the next 30 min. Maternal hypotension, defined as a decrease in systolic blood pressure of greater than 25% or by a systolic blood pressure of less than 100 mmHg, was treated with intravenous phenylephrine and moving the patient to the left lateral decubitus position. Any complication related to epidural analgesia was recorded.

Infrared thermography was performed using an infrared thermal camera (FLIR-E4, FLIR Systems Inc. Wilsonville, USA). Infrared radiation emitted from the skin is related to the surface skin temperature. Wavelengths between 7.5 and 13 µm are detected and recorded by an infrared detector and translated into an image by sensor electronics, with color-encoded values. The thermal sensitivity of the detector is <0.15 °C, with an accuracy of ±2%. After detector calibration and while holding the camera one meter away from the skin, temperature measurements were performed prior to insertion of the epidural catheter, and 20 min after the initial bolus. Skin temperatures were measured at the middle of the anterior side of each leg (corresponding to L5) and at the thigh (L2), 10 cm laterally (right and left) from the umbilicus (T10), 5 cm laterally from each nipple (T4) and at the lateral side of each shoulder (C4). Ambient temperature was set at 22 °C during the study period and no active warming was provided. Any blanket or dress was removed from the patient one minute prior to each examination.

Women lay in the supine semi-upright position. Examples of thermographic images are shown in Fig.

1.

The change in skin temperature was calculated at each site and on each side, according to the formula: ∆Temp = T20min -Tbefore.

Statistical analysis was performed using MedCalc ® version 12.1.4.0 for Windows (MedCalc Software, Ostend, Belgium). After a Shapiro-Wilk's W test for normality of distribution of the data, continuous data were expressed either as mean ± standard deviation (SD) or median (interquartile range, IQR) as appropriate, and were compared using paired t-test, Wilcoxon signed-rank test and Mann-Whitney U test as appropriate, with P < 0.05 considered as statistically significant. The Benjamini-Hochberg stepup procedure was applied for multiple hypothesis testing correction. [START_REF] Benjamini | Controlling the false discovery rate: a practical and powerful approach to multiple testing[END_REF] Incidence data were expressed as number (%).

The primary outcome of this study was the change in cutaneous temperature at T10 recorded 20 min after epidural injection. The inclusion of 54 women was required in order to show a change of at least 0.5 °C with a standard deviation of 0.8 °C, [START_REF] Freise | Thoracic epidural analgesia with low concentration of bupivacaine induces thoracic and lumbar sympathetic block: a randomized, double-blind clinical trial[END_REF] with α of 0.05 and β of 0.1.

Results

Fifty-four parturients were included, with one excluded because of the inability to perform the second skin temperature measurement due to a device breakdown. Hence, data for 53 women were analyzed.

Patient characteristics are summarized in Table 1. The median initial volume of the epidural bolus of ropivacaine 1 mg/mL and sufentanil 0.5 µg/mL was 10 (8-11) mL.

Epidural analgesia was effective in all but three women who had a verbal pain score >3 at 60 min that required the administration of a supplemental bolus. The main analgesic and epidural data are presented in Table 2. In the three women with failed epidural analgesia, the median level of sensory block 30 and 60 min after induction of epidural analgesia was T10 (T9-10) on the right (P=0.32 and P=0.27 at 30 min) and left (P=0.36 and P=0.27 at 60 min, and these findings were not statistically significantly different from women with effective analgesia.

No patient had hypotension that required administration of phenylephrine and there were no instances of Horner's syndrome.

Skin temperature measured at the legs, thighs, T10 and T4 dermatomes increased significantly after epidural analgesia (Table 3), but there was no significant increase in skin temperature measured at the shoulders. There were no significant differences in skin temperature between sides at any studied dermatome, regardless of whether the sensory block was lateralized, however there was a significant difference regarding the changes in skin temperatures measured at T10 between failed (n=3) and successful (n=50) epidural analgesia. Temperature decreased by a median of -1.3 (-1.7 to -0.2) °C on the left and -1.2 (-1.5 to -0.3) °C on the right in cases of analgesic failure, while temperature increased by a median of 0.9 (0.4 to 1.3)°C on the left and 1.1 (0.4 to 1.4) °C on the right in cases of success (P= 0.01 and P=0.009, respectively). No significant differences in skin temperature changes were found at other dermatomal levels, whether epidural analgesia was a success or failed.

Discussion

The main finding of this exploratory prospective observational study was that epidural injection of a low concentration of ropivacaine with 0.5 µg/mL sufentanil for obstetric analgesia led to a significant change in skin temperature from T4 to L5 bilaterally. Previous studies performed in non-obstetric populations had reported significant changes in skin temperature at thoracic and lumbar levels after induction of epidural anesthesia or analgesia using epidural administration of more concentrated local anesthetic (levobupivacaine 0.5% or bupivacaine 0.25%). [START_REF] Bruins | Thermographic skin temperature measurement compared with cold sensation in predicting the efficacy and distribution of epidural anesthesia[END_REF][START_REF] Freise | Thoracic epidural analgesia with low concentration of bupivacaine induces thoracic and lumbar sympathetic block: a randomized, double-blind clinical trial[END_REF] We have shown that epidural administration of low concentration local anesthetic (ropivacaine 0.1%) also causes a significant change in surface skin temperature as measured by infrared thermography.

Effective epidural analgesia was associated with a significant increase in surface skin temperature from T4 to L5, with median values ranging from +0.4 to +0.9°C depending on the dermatome assessed. Previous studies of axillary or infraclavicular brachial plexus blocks reported an increase in skin temperature of more than 1°C in the area of regional anesthesia, but no significant change in skin temperature if the block was unsuccessful. [START_REF] Galvin | Thermographic temperature measurement compared with pinprick and cold sensation in predicting the effectiveness of regional blocks[END_REF][START_REF] Minville | The efficacy of skin temperature for block assessment after infraclavicular brachial plexus block[END_REF] Freise et al. [START_REF] Freise | Thoracic epidural analgesia with low concentration of bupivacaine induces thoracic and lumbar sympathetic block: a randomized, double-blind clinical trial[END_REF] found a smaller decrease in skin temperature measured at thoracic dermatomes (T1 to T12) when 0.25% bupivacaine compared to saline was administered into the thoracic epidural space, while Bruins et al. [START_REF] Bruins | Thermographic skin temperature measurement compared with cold sensation in predicting the efficacy and distribution of epidural anesthesia[END_REF] found a significant decrease in skin temperature after induction of epidural anesthesia. These differences may be because Bruins et al. used a high concentration of levobupivacaine for epidural anesthesia, [START_REF] Bruins | Thermographic skin temperature measurement compared with cold sensation in predicting the efficacy and distribution of epidural anesthesia[END_REF] while lower concentrations were used by Freise et al. [START_REF] Freise | Thoracic epidural analgesia with low concentration of bupivacaine induces thoracic and lumbar sympathetic block: a randomized, double-blind clinical trial[END_REF] and in our study. This may have affected the reduction in sympathetic tone, resulting in vasodilation and a change in core-to-peripheral heat redistribution, both of these being involved in the decrease in skin temperature observed during epidural anesthesia. [START_REF] Sessler | Perioperative thermoregulation and heat balance[END_REF][START_REF] Treschan | The effects of epidural and general anesthesia on tissue oxygenation[END_REF][START_REF] Arkilic | Temperature monitoring and management during neuraxial anesthesia: an observational study[END_REF] Furthermore, the study by Bruins et al. [START_REF] Bruins | Thermographic skin temperature measurement compared with cold sensation in predicting the efficacy and distribution of epidural anesthesia[END_REF] was conducted on ASA physical status I-III patients, aged 46 to 91 years, some of whom may have had impaired thermoregulation when undergoing elective abdominal or orthopedic surgery. In contrast, our study was performed on young healthy women admitted in established labor. Epidural administration of epinephrine and of sufentanil in our study may also have affected thermoregulation. [START_REF] Kurz | Alfentanil slightly increases the sweating threshold and markedly reduces the vasoconstriction and shivering thresholds[END_REF][START_REF] Negishi | Alfentanil reduces the febrile response to interleukin-2 in humans[END_REF] The change in surface skin temperature before and 20 min after the induction of epidural analgesia was different for failed and successful epidural analgesia. It is possible that the assessment of the change in cutaneous temperature by infrared thermography before insertion of epidural catheter, and 20 min after the initial epidural bolus of ropivacaine 1 mg/mL and sufentanil 0.5 µg/mL, can predict effective epidural analgesia. However, since epidural analgesia failed in only three women, this requires cautious interpretation. In the study by Bruins et al., [START_REF] Bruins | Thermographic skin temperature measurement compared with cold sensation in predicting the efficacy and distribution of epidural anesthesia[END_REF] epidural anesthesia was unsuccessful in 7 of 62 patients and the authors reported low sensitivity (54%) but high positive predictive value (92%) of thermography as an early predictor of successful thoracic epidural block. The negative predictive value was very low, and predicted the early detection of unsuccessful epidural anesthesia poorly compared with a cold sensation test. [START_REF] Bruins | Thermographic skin temperature measurement compared with cold sensation in predicting the efficacy and distribution of epidural anesthesia[END_REF] The authors concluded that the combination of thermography and a cold sensation test allowed reliable assessment of epidural block. Infrared thermography may assist in confirming successful epidural analgesia, but additional studies are needed to confirm the findings. Early detection of failed epidural analgesia may have application in clinical practice by demonstrating the need for early replacement of an inadequately functioning epidural catheter.

The lack of a control group is a limitation of this study. However, a randomized double-blind study comparing the change in skin temperature in women receiving epidural analgesic drugs with women receiving epidural placebo raises ethical concerns. These could perhaps be addressed by either altering the timing of epidural boluses in one group of women (with a consequential delay in receiving analgesia), or by performing temperature measurements as the blockade is becoming established. A further limitation was that the study sample size was insufficient to find significant differences in the change in temperatures where epidural analgesia was lateralized, and the study did include enough epidural failures to assess the performance of thermography for the early diagnosis of failed epidural analgesia. Maternal core temperature was not measured at the same time as skin temperature, before and 20 min after induction of epidural analgesia, which prevented us from assessing the change in skin temperature related to the change in the core temperature, rather than related to the change in the cutaneous sympathetic activity. Finally, the epidural administration of epinephrine used for the testdose could have led to some change in the maternal core temperature.

In conclusion, in this exploratory prospective cohort study, we found significant increase in surface skin temperature at T4 to L5 dermatomal levels 20 min after the induction of epidural analgesia based on low concentration ropivacaine with sufentanil. Infrared thermography may assist in the early diagnosis of successful epidural analgesia. 

Fig. 1

 1 Fig. 1 Example of thermographic images of the middle of the anterior side of the left leg, (A) prior to insertion of epidural catheter, and (B) 20 minutes after induction of epidural analgesia. The temperatures of 33.6 °C and of 34.7 °C are those measured at the center of the target that focused on the middle of the anterior side of the leg.
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