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Abstract
Purpose  The use of intercostal nerve cryoablation (INC) is becoming increasingly common in patients undergoing pectus 
excavatum (PE) repair. This study sought to evaluate the use of INC compared to traditional use of thoracic epidural (TE).
Methods  A retrospective review of 79 patients undergoing PE repair with either INC or TE from May 2009 to December 
2019 was conducted. The operations were performed by four surgeons who worked together at four different hospitals and 
have the same standardized practice. The primary outcome measure was hospital length of stay (LOS). Secondary variables 
included surgical time, total operating room time, operating room time cost, total hospital cost, inpatient opioid use, long-
term opioid use after discharge, and postoperative complications.
Results  LOS decreased to 2.5 days in the INC group compared to 5 days in the TE group (p < 0.0001). Surgical time was 
increased in the INC group, but there was no difference in total OR time. The INC group experienced significantly lower 
hospital costs. Total hospital opioid administration was significantly lower in INC group, and there was a significant decrease 
in long-term opioid use in the INC group.
Conclusions  INC is a newer modality that decreases LOS, controls pain, and results in overall cost savings. We recommend 
that INC be included in the current practice for postoperative pain control in PE patients undergoing Nuss procedure.
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Introduction

Pectus excavatum (PE) is a congenital birth defect that is 
often noticeable shortly after birth, typically worsening 
during adolescence. PE occurs in 1 every 400–1000 births 
and is four times more prevalent in males than females 
[1]. The most often performed surgical technique to cor-
rect the deformity is the Nuss procedure. This procedure is 
associated with significant postoperative pain and is now 

considered to be the preferred surgical technique due to 
decreased procedure degree of difficulty, and improved cos-
mesis with smaller, less central scars [2].

Pain management has been an ongoing issue with PE 
repair, and surgical pain has traditionally been managed 
with the use of thoracic epidural (TE). Length of stays can 
approach a week [3]. Although TE is an effective analgesic 
modality, rare side effects include nausea, vomiting, pru-
ritis, dizziness, hypotension, and neuropathy [4]. Alterna-
tives to use of TE consist of intravenous patient-controlled 
analgesia, bilateral ultrasound-guided nerve blockade, para-
vertebral blocks (with or without indwelling catheters), and 
bupivicaine liposome injection suspension [5–8]. In patients 
undergoing PE repair, regional nerve block techniques have 
been notable for achieving variable degrees of improve-
ment in length of stay (LOS) [9]. Regardless of the various 
regional techniques utilized for pain management post-PE 
repair, new multi-modal analgesic regimens are being devel-
oped to facilitate enhanced recovery after surgery (ERAS) 
[10, 11].
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Intercostal nerve cryoablation (INC) is now demonstrat-
ing promising pain management results for pediatric patients 
undergoing PE repair. INC is being used without the use 
of TE resulting in shorter LOS [12]. This study sought to 
compare patients undergoing Nuss repair receiving INC 
versus TE and to assess differences in LOS. Additionally, 
this study looked at inpatient opioid use, surgical time, total 
operating room time, operating room time cost, total hospital 
cost, long-term opioid use after discharge, and postoperative 
complications.

Materials and methods

Retrospective review and data collection

This was a retrospective study of patients who underwent 
Nuss repair of PE with INC or TE for postoperative pain 
control. Forty of the most recent patients who underwent 
INC were compared with matched controls from the past 
10 years. Patients who received INC underwent surgery from 
July 9, 2017 to December 20, 2019 and those that received 
TE analgesia underwent PE surgery from May 1, 2009 to 
November 23, 2016. Only patients who received INC or TE 
were included in this study; study subjects were identified 
via search using the International Statistical Classification 
of Diseases and Related Health Problems ICD-9 and ICD-10 
codes for diagnosis of PE. Patients who had received TE for 
pain control were matched with patients who had received 
INC. Matching was based upon age, sex, and number of 
bars.

Surgery was performed within an integrated (horizontal 
and vertical) health care system by four different surgeons 
at four Southern California Kaiser Permanente hospitals. 
Each surgeon had extensive experience performing the Nuss 
procedure. Surgical technique was standardized amongst 
all four surgeons, though the number of bar implants was 
left to the discretion of the operating surgeon. All surgeons 
switched from using TE to INC simultaneously, and there 
were no individual variations. Detailed demographics and 
perioperative characteristics were collected pertaining to 
hospital LOS, total surgical time, total operating room time, 
operating room time cost, total hospital cost, inpatient opioid 
utilization, long-term opioid use after discharge, and post-
operative complications.

Patient demographic variables collected included age, 
gender, ethnicity, and number of surgical bars used. Pre-
operative CT scans were performed only in some patients; 
therefore, the Haller index was not routinely determined. 
Patients were deemed candidates based on the severity of 
their defect and/or symptoms that included shortness of 
breath, fatigue, or chest pain. Operative data, inpatient data, 
and outpatient follow-up data were collected. Additionally, 

subjective patient complaints were noted at the 2-week, 
3-month, and 1-year follow-up appointments. Any proce-
dure-related complications were reviewed and noted.

The primary outcome measure was LOS. Oral and intra-
venous opioid quantities were expressed in oral morphine 
milligram equivalents (Mmeq) [13]. Secondary outcome 
measures included surgical time, total time in the operating 
room, total operating room cost, total hospital costs, total 
inpatient opioid use, long-term opioid use after discharge, 
and postoperative complications.

Surgical repair pectus excavatum

Patients selected for the Nuss repair followed the technique 
outlined by Nuss et al. [14]. In brief, the deepest point of the 
sternal depression was determined and then the incisions 
were marked laterally, beginning at the anterior axillary line 
and continuing posteriorly for approximately 5 cm. Subcuta-
neous flaps were raised bilaterally. Limited flaps were raised 
under the pectoralis muscle. Using bilateral thoracoscopic 
visualization, the chest was penetrated with the dissector, 
which was then passed between the back of the sternum 
and the front of the pericardium. The tip of the dissector 
was then passed out through the corresponding intercostal 
space on the left side of the sternum. A strong suture was 
connected to the dissector, which was then pulled back out 
of the chest from left to right. An appropriately sized bar 
was then pre-bent and pulled into the chest from right to left 
under direct vision. The bar ends were adjusted with the bar 
bender as needed, and it was inverted into proper position. 
A second bar, placed thorough the same skin incision, was 
required for longer and more severe defects. The ends of the 
bars were connected to stabilizers to prevent postoperative 
bar migration. The bars were sutured to the muscle using 
several interrupted long-term absorbable sutures. The air 
was evacuated from the chest and the wounds were closed 
in layers with absorbable sutures.

Intercostal nerve cryoablation

When INC was utilized, it was performed under direct thora-
coscopic visualization using the cryoICE™ (AtriCure, Min-
nesota, USA) device before beginning the dissection for the 
minimally invasive repair. Working under the developed 
subcutaneous skin flaps, the probe was applied externally, 
inserting it through the chest wall and intercostal muscles 
at the neurovascular bundle along the inferior aspect of the 
ribs. Once the tip of the probe was visualized in a subpleural 
location, a cooling temperature of negative 60 degrees cen-
tigrade was applied through the probe for 2 min, from the 
third through seventh intercostal spaces bilaterally. Care was 
taken to avoid ablating cephalad to the third and caudad to 
the ninth intercostal spaces. The probe adhered to the tissue 
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while freezing, and it needed time to thaw (15 s being suf-
ficient in most applications) and separate from the tissue 
prior to moving it to the next interspace. Local anesthetic 
block (0.25% bupivacaine with epinephrine) was infiltrated 
into all incisions at the end of the case.

Thoracic epidural pain management

Thoracic epidurals were placed into the T5–T6, T6–T7, or 
T7–T8 interspace based upon anatomic assessment by each 
attending anesthesiologist. The thoracic epidurals were all 
placed in the operating room by an anesthesiologist. The 
specifics of the procedure were left to the discretion of the 
attending anesthesiologist. Prior to incision, the epidural was 
activated with 5–10 mL of bupivacaine 0.25% based upon 
the patient’s weight. Epidural analgesia was maintained 
throughout the procedure with bupivacaine 0.125–0.25% 
mixture at a rate of 5–8 mL/h. Local anesthetic block (0.25% 
bupivacaine with epinephrine) was infiltrated into all inci-
sions at the end of the case. In the post-anesthesia care unit 
(PACU), the epidural solution was changed to 0.125% bupiv-
acaine with 20 mcg/mL hydromorphone at a rate of 7 mL/h. 
Patients in the INC group did not receive a TE, and patients 
in the TE group did not receive INC.

Postoperative pain care for INC patients

In the INC group, patients received a postoperative pain 
management regimen consisting of hydromorphone PCA 
(0.2 mg every 10 min demand dose without continuous dose) 
beginning on the day of surgery (i.e. postoperative day 0). 
The patients were subsequently transitioned to hydrocodone-
acetaminophen 5/325 mg every 4 h as needed for pain as 
well as a non-steroidal anti-inflammatory drug (ibuprofen or 
ketorolac, depending on clinical impression), and gabapentin 
depending on surgeon preference. Intravenous breakthrough 
opiates were given if patients continued to have severe pain 
based upon nursing discretion. All patients were admitted to 
a pediatric floor postoperatively. Per institutional protocol, 
all epidurals were weaned at the discretion of the pediatric 
pain management team in consultation with the primary 
surgical team, usually on postoperative day (POD) 2 or 3.

Discharge readiness

Patients were determined to be ready for discharge after 
meeting the discharge criteria. This consisted of the follow-
ing: no major pneumothorax seen on chest X-ray, able to 
tolerate food by mouth, pain adequately controlled on oral 
pain medications, able to urinate spontaneously, and able to 
pass physical therapy evaluation which included ambulating 
without assistance and ability to perform activities of daily 
living. Additionally, the patients and families were provided 

with a packet upon discharge that detailed activity restric-
tions, side effects of medications, what to expect at home 
postoperatively, and instructions to contact pediatric surgery 
office or return to the emergency department if certain symp-
toms arose while at home.

Follow‑up

Patients were sent home with acetaminophen, oxycodone, 
or hydrocodone, and scheduled for follow-up appointments 
at 2 weeks, 3 months, and 1 year from the date of their dis-
charge from the hospital. Physicians performed a focused 
physical exam and obtained a detailed history during these 
visits. Incisional sites, epidural catheter sites, and the align-
ment of the patient’s Nuss bars were assessed at these visits.

Institutional cost structure

The costs for operating room time and hospital days were 
based upon an estimate of our system’s cost per Kaiser 
Foundation Health Plan and Southern California Perma-
nente Medical Group based upon fiscal year 2018. Services 
reflect allocation of direct costs only; fixed costs, such as 
depreciation, hospital administration, and insurance are not 
included in the cost accounting analysis. Total hospital cost 
was approximated as the sum of the total operating room 
time costs, INC equipment costs or TE costs, and the cost 
of each hospital day.

Primary outcome measure

The primary outcome measure for this study was postopera-
tive length of stay (LOS). LOS was calculated as the number 
of postoperative days in the hospital. At our various institu-
tions, patients with thoracic epidurals would be admitted to 
the pediatric intensive care unit (PICU) for several days for 
TE management. Our institutions do not have a protocol for 
dealing with TEs on the floor, and thus there was a bias for 
having patients in the PICU in our study. A PICU day was 
instead counted like a floor day for purposes of removing 
bias.

Secondary outcome measures

Secondary outcome measures included surgical operative 
time, total operating room time, operating room time cost, 
total hospital cost, total hospital opioid utilization, long-
term opioid use after discharge, and postoperative com-
plications. Surgical operative time was defined as time 
from incision until closure. Total operating room time 
was defined as time patient entered the operating room 
until closure. Total hospital cost was the sum of costs for 
operating room time, INC costs or TE costs, and each 
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hospital day costs. Professional fees for both surgeons 
and anesthesiologists were not included, however, in our 
health system, both the surgeon and anesthesiologist are 
compensated with a yearly base salary regardless of clini-
cal complexity or intensity. The actual cost of a hospital 
day in Kaiser system is difficult to compute because this 
information is proprietary, and patients are not charged 
per day due to capitated payment arrangements per 
member per year. An estimate of cost per hospital day 
is between $2,000 and $6,000 per day [15, 16]. For this 
study, a conservative estimate of $2,000 per hospital day 
was used.

Institutional costs for INC were $2,400 per case. Tho-
racic epidural kit costs $22.30 each. Operating room time 
costs approximated $56.75 per minute. Total hospital 
opioid utilization was the sum of opioid consumption 
(oral and IV) during and after surgery while the patient 
remained in the hospital. Long-term opioid use after 
discharge was determined by the amount of opioids pre-
scribed to the patient upon hospital discharge. At follow-
up appointments and through nurse phone calls, patients 
were asked about specific amount of pills used and the 
need for refills.

Statistical analysis

All data were analyzed using an intention-to-treat analy-
sis. The primary outcome data were analyzed by com-
paring the mean LOS with a two-tailed t test. The other 
continuous variables were analyzed by a two-tailed t test. 
Lastly, categorical data were compared using the test χ2 
and Fisher’s exact test.

Results

This study evaluated 79 patients who underwent PE repair. 
Patients undergoing the Nuss procedure with INC (N = 40) 
were compared to historical control patients undergoing PE 
repair with TE (N = 39) during the study period. There were 
no differences between the groups in sex, age, and number 
of bars (see Table 1). However, there were significantly more 
Hispanic patients in the TE group (p < 0.02) and signifi-
cantly more Caucasian patients in the INC group (p < 0.001). 
Mean follow-up in the TE group was 34.3 months, while 
follow-up in the INC group had a mean of 14.1 months. 
Twelve patients in the TE group presented with preopera-
tive symptoms of chest pain, while 12 patients in the INC 
group also presented with preoperative symptoms of chest 
pain. Preoperative chest pain was not quantified. In the INC 
group, 42.5% of patients have had their bars removed, while 
100% of TE patients have had their bars removed. Not all 
bars in the INC group have been removed because patients 
in the INC group underwent Nuss repair more recently and 
many have not reached their 2- to 3-year follow-up appoint-
ments. In the TE group, 97.4% of patients had their urinary 
catheters in for longer than a day, while none of the patients 
in the INC group had foley catheters in for longer than a day 
(p < 0.0001) (see Table 1).

Outcome measures

There was a shorter hospital LOS among patients in the 
INC group (average 2.5 days) compared to those in the TE 
group who averaged 5 days in the hospital (p < 0.0001) 
(see Table 2). The trend of LOS for patients over time 

Table 1   Patient characteristics

NS not significant

Cryoice (N = 40) Thoracic epidural (N = 39) Total (N = 79) p value

Sex
 Male 33 (82.5%) 30 (76.9%) 63 (79.7%) NS
 Female 7 (17.5%) 9 (23.1%) 16 (20.3%) NS

Race/ethnicity
 White 27 (67.5%) 11 (28.2%) 38 (48.1%)  < 0.001
 Hispanic/latino 11 (27.5%) 21 (53.8%) 32 (40.5%)  < 0.02
 Other 2 (5%) 7 (17.9%) 9 (11.4%) NS

Age at surgery 15.75 (range 13–28) 15.05 (range 12–18) NS
Number of surgical bars  0.056
 Bars = 1 14 (35%) 22 (56.4%)
 Bars = 2 26 (65%) 17 (43.6%)

Patients with bars removed 17 39
Long-term follow-up average (months) 14.1 34.3
Foley > 1 day 0 (0%) 38 (97.4%)  < 0.0001
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as the surgeons completed more Nuss procedures was 
assessed. There was no correlation between the number 
of Nuss procedures surgeons performed in INC group 

and a decrease in LOS trend as technique improved (see 
Fig. 1). There was also no trend toward decreased LOS as 
the surgeons completed more Nuss procedures in the TE 
group (see Fig. 2).

There was no impact in LOS in either groups as the 
learning curve for the surgeons decreased. Additionally, 
the PICU LOS was shorter among patients who underwent 
INC compared to patients who received TE, though we did 
not include this in our secondary outcomes due to differ-
ences in protocol amongst institutions regarding sending 
these patients to the PICU.

Overall OR time was no different between the INC 
group, which averaged 151 min, and the TE group, which 
averaged 150 min (p = 0.88) (see Table 3). All of the TEs 
were placed in the OR (39 out of 39) before an incision 
was made. The time spent placing the epidurals before 
incision was similar to the time spent on cryoablation. 
Surgical operative times were longer in INC group (aver-
age 116 min) vs the TE group (average 80 min) because 

Table 2   Primary outcome measure

POD postoperative day, INC intercostal nerve cryoablation, TE tho-
racic epidural

INC group TE group p value

Hospital length-of-stay, days 
(average)

2.5 5  < 0.0001

Patients discharged on POD 1 2 (5%) 0
Patients discharged on POD 2 24 (60%) 0
Patients discharged on POD 3 9 (22.5%) 2 (5.1%)
Patients discharged on POD 4 2 (5%) 13 (33.3%)
Patients discharged on POD 5 3 (7.5%) 13 (33.3%)
Patients discharged on POD 6 0 9 (23.1%)
Patients discharged on POD 7 0 2 (5.1%)

Fig. 1   Hospital LOS from 
earliest date to latest date in TE 
group
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Fig. 2   Hospital LOS from earli-
est date to latest date in INC 
group
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the INC was performed after the incisions were made 
(p < 0.0001). All patients had successful correction of PE.

There are increased initial costs associated with INC. Sur-
gical times increased by 36 min and the cost of each minute 
of OR time at our institution is $56.75. This was offset by 
the time spent placing the epidurals in the operating room 
in the TE group. The cost of INC was $2,400 per case per 
institutional costs. On average, patients in the INC group had 
lower total hospital costs compared to those in the TE group 
(see Table 3). Total hospital cost average for TE group was 
$18,336, while total hospital cost average for INC group was 
$15,976 (p < 0.0005).

There was a significant difference between the amount 
of inpatient opioid used in the INC group (average of 111 
Mmeq) vs the TE group (average of 269 Mmeq) (p < 0.0001) 
(see Table 3). Outpatient utilization of additional opioids 
was also statistically significantly less in the INC group 
(average of 205 Mmeq) compared to the TE group (average 
of 553 Mmeq) (p = 0.003) (see Table 3).

Patient‑related complications

There were no major complications in the TE group. In the 
INC group, one patient required Nuss bar removal after 
1 month due to intractable pain. This patient was an out-
lier because he was an older individual (28 years old) who 
wanted to have the Nuss procedure. There was no long-term 
neuropathy in either group. The INC group had one patient 
return to the emergency department (ED) and was read-
mitted for pain—attributed to forgetting to fill outpatient 
acetaminophen/paracetamol prescription. The TE group 
had one patient that returned to the ED and was readmitted 
due to uncontrolled postoperative pain after lifting 100 lb. 
He was found to have low-grade fevers and sent home with 
4 weeks of antibiotics for an infection. The TE group had 
one patient that developed a hydropneumothorax requiring 
chest tube placement. Two patients in each group developed 
urinary retention postoperatively that improved after foley 
replacement and voiding trial. There were no instances of 
urinary tract infection or bleeding in either group. No study 
cohort required surgical reintervention for bar displacement. 

Two patients in the TE group had recurrence of PE after bar 
removal (see Table 4).

Discussion

The introduction of a new surgical nerve ablation technique 
employing cryoanalgesia to intercostal nerves was first 
described by Lloyd in 1976 [18]. Since its initial introduc-
tion, INC (cryoICE™, AtriCure, Minnesota, USA) has been 
studied in conjunction with and without the use of epidurals 
for the management of post-thoracotomy pain in multiple 
surgical populations [19, 20].

Postoperative pain management after the Nuss proce-
dure has been the subject of much interest during the past 
few years, due to the difficulty managing pain, high degree 
of opioid utilization, and prolonged hospital LOS in these 
patients [21]. Initially, experience in our health care sys-
tem with thoracic epidurals is that they provided satisfac-
tory pain control for 2–3 days. Once patients were weaned 
off the epidural, they experienced continued pain and it 
took another 2–3 days to become manageable with oral 
therapy. Often, patients would go home with significant 

Table 3   Secondary outcome 
measure

INC intercostal nerve cryoablation, TE thoracic epidural, NS not significant, min minutes, $ dollars, Mmeq 
morphine milliequivalents

INC group TE group p value

Surgical operative time, average (min) 116.2 80.4  < 0.0001
Total operating room time, average (min) 151.1 149.8 NS
Operating room cost, average ($) $10,976.34 $8,523.16  < 0.0001
Total hospital cost, average ($) $15,976.34 $18,335.73  < 0.0005
Total inpatient opioid use, average (Mmeq) 110.8 269.1  < 0.0001
Total opioid use after discharge, average (Mmeq) 205.3 552.7  < 0.01

Table 4   Complications

INC intercostal nerve cryoablation, TE thoracic epidural, ED emer-
gency department, PE pectus excavatum, NS not significant
*p value calculated using two-tailed t test for continuous variables, 
and χ2 test or Fisher’s exact test for categorical variables

INC group TE group p value*

Foley replaced (urinary retention) 2 (5%) 2 (5.1%) NS
Urinary tract infection 0 (0%) 0 (0%) NS
Infection requiring antibiotics 0 (0%) 1 (2.6%) NS
Pneumothorax requiring chest tube 0 (0%) 1 (2.6%) NS
Bar migration requiring reopera-

tion
0 (0%) 0 (0%) NS

Readmission for pain 1 (2.5%) 1 (2.6%) NS
ED visits after operation 1 (2.5%) 1 (2.6%) NS
Bleeding 0 (0%) 0 (0%) NS
Recurrence of PE after bar removal 0 (0%) 2 (5.1%) NS
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pain that took days to weeks to resolve. Consequently, 
multi-modal pain regimens and ERAS protocols were 
employed to improve LOS and pain control in patients. 
Some multi-modal pain regimens have also included para-
vertebral blocks [22].

However, the treatment paradigm changed with the 
description by Keller et al. of the new cryoanalgesia tech-
nique in 2016 [12]. Keller showed that the LOS in patients 
undergoing pectus repair with this novel technique was two 
days less than their TE group. They found that 62% of their 
INC patients left the hospital before day three compared to 
4% of patients in the TE group [12]. Graves et al. reported 
similar findings. Their INC patients had a postoperative 
LOS that was significantly shorter than TE (2.0 ± 0.82 vs. 
6.3 ± 1.3 days) [23]. A randomized control trial by Graves 
et al. showed that the median length of stay in INC patients 
decreased to 3 days from 5 days compared to their TE group 
[3]. Many pediatric surgery groups became interested in INC 
due to the compelling results of these papers. Because of 
this, our group instituted the use of INC over the past few 
years. Our group consisted of four surgeons who shared a 
standardized practice across four hospitals.

In this study, the hospital length of stay was shortened 
from 5 to 2.5 days in the INC group compared to the TE 
group. Sixty-five percent of patients in the INC group were 
discharged by POD 2 compared to zero percent in the TE 
group. Almost 90% of patients in the INC group were dis-
charged by POD 3 compared to 5.1% of patients in the TE 
group. In both cohorts, the only variable keeping patients 
in the hospital was pain control. The patients in each group 
were matched, with an equal number presenting with pre-
operative chest pain. There were no differences in medi-
cal or surgical history between the two groups to bias the 
TE patients toward longer lengths of stay. Even with recent 
implementation of ERAS protocols with thoracic epidural 
patients in other studies, the LOS has been historically 
higher than INC groups due to issues with postoperative 
pain control [3, 12].

As each surgeon became more experienced with the 
INC technique, the LOS did not significantly trend down 
in either group. This showed that the learning curve did not 
have an impact on LOS. Additionally, there was no differ-
ence in LOS based on how recently the Nuss procedure had 
been performed in either the INC group or the TE group. 
One possible confounding variable of this study is the large 
time period between the TE patients and the INC patients. 
Extended periods of time can introduce bias. The most defin-
itive way to answer this question would be a prospective 
randomized trial with long-term follow-up. However, over 
the 10-year time period for TE and INC cases, there were 
no other protocol changes in surgical management or deci-
sion making. All patients were sent home using the same 
discharge criteria.

In a prospective randomized trial by St. Peter et al., Nuss 
patients with epidurals had an average total hospital cost of 
$45,400 [6]. In an abstract by Weissler et al., 9032 patients 
who underwent PE repair were assessed for total hospital 
costs. The average hospital charge was $41,016, according 
to their study [17]. A study by Loftus et al. showed a total 
hospital cost average of $25,440 for TE patients, with the 
sum of OR, PACU, and floor costs being $18,637 [15]. The 
INC group experienced significantly decreased total hos-
pital costs ($15,976) compared to the TE group ($18,335) 
(p < 0.0005) in our study and was also well below the costs 
of the TE groups in the above studies.

Since this study was performed at an integrated health 
care system (Kaiser Permanente Southern California), each 
hospital day may cost less than a hospital day at other hos-
pitals. The cost of a regular hospital day within Kaiser Per-
manente is proprietary information and cannot be released. 
Thus, our study demonstrated a trend in cost savings, but 
the absolute dollar amount reduced cannot be extrapolated 
to other centers. In a study by Loftus et al., the cost per hos-
pital day for patients undergoing PE surgery with TE was 
approximately $2,000 [15]. A recent study by Melnick et al. 
estimated that the cost of one hospital day in California aver-
aged $5,735 [16]. In this study, a conservative estimate of 
$2,000 per day of hospitalization was used. If an estimate of 
$3,000–$6,000 per hospital day was used instead, the differ-
ences in cost savings between the INC group and TE group 
would be even more dramatic due to the significant decrease 
in LOS in the INC group.

Within the Kaiser Permanente integrated health care 
system, patients with TE often necessitated PICU admis-
sion and remained in bed (i.e. non-ambulatory) due to fall 
risk in accordance with nursing policies. When INC was 
introduced, it resulted in a significant reduction and often 
complete elimination of PICU admissions. This is even 
more relevant to cost analysis. The cost of one PICU day 
at Kaiser Permanente is higher than a regular hospital floor 
day. If the PICU cost data were included in the analysis, the 
total hospital costs for INC group compared to TE group 
would be further decreased. Decreasing the child’s LOS has 
a direct effect on parents as well, allowing parents to take 
less time off from work. This has economic implications for 
families as well. Thus, there are even more positive effects 
from using INC in PE patients than the data demonstrate in 
our study.

There are initial increased up-front costs associated with 
INC. Since overall operating room time was similar, the dis-
crepancies in cost were due to the additional INC equipment 
fees. These increased costs are mitigated by a decreased 
hospital LOS (an average decrease of 2.5 days), resulting 
in significant overall cost reduction. There could be some 
savings in cost in the TE group if there was a protocol imple-
mented that placed the epidurals outside the OR before the 
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operation. In the current economic climate to curtail costs 
and conduct risk–benefit assessments into whether the cost 
of new technology is justifiable, our study provides new evi-
dence that the use of INC leads to significantly reduced total 
hospital costs since it lowers overall LOS.

Patients often felt completely back to normal by the first 
postoperative visit at 2 weeks and wanted to return to sports 
and regular activities immediately. They had to be coun-
seled to ease back into their normal routine for fear of bar 
displacement. Three of 26 patients in the INC group from 
the Keller study had bar displacement requiring reoperation 
[12]. It was hypothesized that since most of the pain sensa-
tion was removed after the procedure by INC, these patients 
were more inclined to ignore activity restrictions [12]. This 
did not occur in the patient population in our study. There 
was also a trend over time to place two bars for better cos-
metic results in the INC group, which explains the signifi-
cant difference in number of bars in each group.

The use of INC offers significant advantages regard-
ing opioid consumption and utilization. The INC tech-
nique results in an anesthetic effect on the nerves [24] and 
decreases the need for opioids. Our study findings were con-
sistent with Graves et al., who found cryoablation patients 
also required significantly less inpatient opioid analgesia 
[3]. Perhaps more importantly, since the INC group’s pain 
was so much better controlled after discharge, there was a 
significant decrease in long-term opioid use as well. This 
is particularly important in the current opioid crisis. There 
is a desire to limit the prescription of postoperative opioids 
due to the risk of dependency. The INC technique is opioid 
sparing and is an excellent alternative to narcotic use.

Overall, there were minimal postoperative complications 
in both cohorts. Our study cohorts did not sustain any issues 
with bar displacement requiring surgical intervention, and 
there was only one hospital readmission in each group due 
to pain. We believe this was due to detailed preoperative 
patient education coupled with close follow-up, prescrip-
tive physical therapy, and active communication between 
the surgical team and the patient/family. There was also an 
initial concern about short-term and long-term neuropathy 
in these patients. We initially thought gabapentin was needed 
to mitigate this. A study by Zobel et al. looked at incidence 
of neuropathic pain after Nuss repair with INC. The study 
showed that no patients under the age of 21 (30 total) expe-
rienced neuropathic pain [25]. Our study was consistent with 
this literature. In the INC group, only two patients experi-
enced neuropathic pain and were treated with gabapentin, 
but none of our study cohorts had any long-term numbness. 
We no longer prescribe empiric gabapentin.

There were several limitations in this study. The pri-
mary limitation was related to the lack of uniformity in 
the analgesic regimens utilized perioperatively between 
the two groups. The administration of acetaminophen, 

gabapentin, ketorolac, and ibuprofen was based upon both 
the surgeon and anesthesiologist’s preference, and there 
was no adherence to a formalized multi-modal analgesic 
protocol. Additionally, none of the patients who underwent 
TE for pain management received gabapentin. This reflects 
the lack of use of gabapentin when TE was considered 
standard of care prior to the implementation of enhanced 
recovery after surgery protocols coupled with use of INC 
at our integrated health system. Thus, we considered usage 
of gabapentin as a potential confounder and adjusted for 
it in our models. Despite the lack of uniform multi-modal 
regimens between and within the two groups, the INC 
group demonstrated decreased LOS, decreased overall 
hospital costs, decreased inpatient opioid utilization, and 
decreased outpatient opioid utilization.

We also elected to omit the epidural hydromorphone 
from the total hospital opioid use. The reason is that we 
were looking for oral/IV differences in opioids rather than 
epidural. Epidural opioids generally do not migrate sys-
temically, and there is no standardized way to convert epi-
dural hydromorphone to morphine milligram equivalents. 
However, taking epidural hydromorphone into considera-
tion, one can see that the TE group did receive even more 
opioids than we present in this study. Finally, retrospective 
studies are often subject to variations in care that may be 
difficult to capture with data review.

Conclusion

Intercostal nerve cryoablation significantly decreased the 
LOS for patients undergoing the Nuss procedure for PE 
compared to our control group treated with TE. Our study 
shows significantly reduced overall hospital costs, reduced 
inpatient opioid use, reduced outpatient opioid use, and no 
difference in total operating room time. To date, we have 
not seen any long-term negative effects of INC, though we 
are continuing to monitor patients for long-term compli-
cations. The results of this study support the findings of 
the current literature, including the randomized controlled 
trial by Graves et al. [3]. The results of this study suggest 
that INC could be superior to TE use. Additional studies 
are needed to confirm these results with larger number of 
patients.

We recommend that all pediatric surgeons embrace this 
newer technology for postoperative pain management for 
patients undergoing Nuss procedures. We are optimistic 
that the use of INC will be beneficial in multiple other sur-
gical populations, and we have started to integrate INC in 
other operations including Ravitch procedures and other 
thoracotomies.
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