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Abstract 
Context: Early prediction of hypothalamic-pituitary-adrenal (HPA) axis function following transsphenoidal surgery (TSS) can improve patient 
safety and reduce costs.
Objective: Systematic measurement of ACTH and cortisol at extubation following anesthesia to predict remission from Cushing’s disease (CD) 
and HPA axis preservation following non-CD surgery.
Design: Retrospective analysis of clinical data between August 2015 and May 2022.
Setting: Referral center.
Patients: Consecutive patients (n = 129) undergoing TSS who had perioperative ACTH and cortisol measurements.
Interventions: ACTH and cortisol measurement at extubation. Further serial 6-hourly measurements in CD patients.
Main outcome measures: Prediction of future HPA axis status based on ACTH/cortisol at extubation.
Results: ACTH and cortisol increased sharply in all patients at extubation. CD patients (n = 101) had lower ACTH values than non-CD patients 
(110.1 vs 293.1 pg/mL; P < 0.01). In non-CD patients, lower plasma ACTH at extubation predicted the need for eventual corticosteroid 
replacement (105.8 vs 449.1 pg/mL, P < 0.01). In CD patients, the peak post-extubation cortisol at 6 hours was a robust predictor for 
nonremission (60.7 vs 219.2 µg/dL, P = 0.03). However, normalized early postoperative value (NEPV; the post-extubation values minus the 
peak preoperative CRH or desmopressin test values) of cortisol reliably distinguished nonremission earlier, at the time of extubation (−6.1 vs 
5.9, P = 0.01), and later.
Conclusions: We found that at extubation following TSS, ACTH can predict the need for eventual steroid replacement in non-Cushing’s patients. 
In patients with CD, we found a robust prediction of nonremission with NEPV cortisol at extubation and later.
Key Words: pituitary adenoma, hypercortisolism, Cushing’s disease, transsphenoidal surgery, remission

The requirement for glucocorticoid replacement therapy after 
transsphenoidal surgery (TSS) depends on the preoperative 
diagnosis, intra-operative pituitary gland damage, and use 
of perioperative steroids [1–4]. Nearly all patients who 
achieve remission of Cushing’s disease (CD) require substitu-
tion therapy until the hypothalamic-pituitary-adrenal (HPA) 
axis recovers from the suppression induced by previous hyper-
cortisolism. By contrast, patients without Cushing’s disease 
(non-CD) may require treatment if they received preoperative 
glucocorticoids or suffered significant pituitary damage.

We previously described normalized early postoperative 
values (NEPV) as a technique to predict postoperative remission 

after TSS for CD [5]. NEPV takes advantage of the observation 
that surgical stress mirrors the CRH or desmopressin 
(DDAVP)-induced increase in ACTH and cortisol. By subtract-
ing postoperative cortisol and ACTH values from preoperative 
stimulated levels in the same patient, we demonstrated the abil-
ity to adjust for surgical stress response, minimize intrapatient 
variability, and unmask early postoperative cortisol and 
ACTH dynamics [5].

Whereas NEPV improved detection of remission status at a 
few hours postoperatively, we did not evaluate the exact time-
points. In this study, we sought to accurately map postsurgical 
stress hormone dynamics using measurements starting at the 
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time of extubation following general anesthesia. We then applied 
an algorithmic approach to predict postoperative HPA axis func-
tion, including the presence of remission in CD and the need for 
postoperative steroid replacement in non-CD patients.

Materials and Methods
Patient Data
We performed a retrospective review of prospectively col-
lected data on all consecutive patients who underwent subla-
bial endonasal TSS by the same surgeon (P.C.) between 
August 2016 and May 2022 at the National Institutes of 
Health (NIH) Clinical Center, which specializes in rare condi-
tions including Cushing’s disease. All patients were treated in 
a study approved by the Combined Neuroscience Institutional 
Review Board of the NIH, Bethesda (clinical trial identifier 
NCT00060541). Written informed consent was obtained 
from each patient for research study participation. Inclusion 
criteria included sellar lesions, TSS, and availability of peri-
operative stress hormone measurements.

Diagnosis of Cushing’s Disease
Hypercortisolism was diagnosed as previously described [5] 
based on elevated late-night salivary cortisol [chemiluminescent 
enzyme immunoassay, Siemens Immulite 1000 analyzer, NIH 
Department of Laboratory Medicine (DLM), Bethesda, MD, 
USA; normal range <100 ng/dL], elevated 24-hour urine free 
cortisol (high performance liquid chromatography/tandem 
mass spectrometry, NIH DLM; normal range: 1.4-20 μg/24H 
for 3- to 8-year-olds, 2.6-37 for 9- to 12-year-olds, 4.0-56 μg/ 
24H for 13- to 17-year-olds, and 3.5-45.0 μg/24H for 
≥18-year-olds) or low-dose dexamethasone suppression testing 
(1 mg overnight or 2 mg over 48 hours) [6, 7]. Supplementary 
midnight plasma cortisol (normal range <7.5 mcg/dL) and 
24-hour urinary 17- hydroxycorticosteroids excretion (Quest 
Diagnostics Nichols Institute, Chantilly VA; adult normal range 
3-10 mg/24 hours for males and 2-6 mg/24 hours for females) 
[8] were used as needed. Pituitary ACTH production was veri-
fied using early morning ACTH levels (Nichols Advantage 
Immunochemiluminometric assay or chemiluminescence im-
munoassay, Siemens Immulite 2500 analyzer, NIH DLM, nor-
mal range 5-46 pg/mL) [5, 9], 8 mg overnight dexamethasone 
suppression testing and ovine CRH stimulation testing [10–12] 
(August 2016-June 2021), or DDAVP stimulation testing [13] 
(June 2021-May 2022) with >35% increase of the mean of 
15- and 30-minute values above baseline for ACTH or >20% in-
crease of the mean of 30- and 45-minute values above baseline 
for cortisol being consistent with a CD diagnosis. The average 
stimulated levels were defined as the mean of cortisol values at 
30 and 45 minutes and the mean of the 15- and 30-minute 
ACTH values. Confirmatory inferior petrosal sinus sampling 
[14] was performed in all Cushing’s disease patients, except 
where dexamethasone suppression testing and CRH or DDAVP 
testing were concordant and magnetic resonance imaging (MRI) 
showed unequivocal adenoma.

Diagnosis of non-Cushing’s Disease Lesions
High resolution (1 to 1.5 mm slice thickness) MRI of the sella us-
ing spoiled gradient recalled acquisition sequences was per-
formed preoperatively to identify sellar lesions. Patients with 
nonfunctioning pituitary adenomas and nonadenomatous le-
sions were evaluated with dedicated pituitary MRI imaging 

and a complete pituitary hormone panel (LH, FSH, alpha sub-
unit, prolactin, TSH, GH, IGF1, ACTH) obtained at 8 AM in 
the morning [15, 16]. Patients with detectable pituitary aden-
omas on MRI and serum prolactin levels above 150 µg/L were 
diagnosed with likely prolactinomas [17]. To diagnose acromeg-
aly, serum growth hormone levels and insulin like growth factor 
1 levels were tested. Elevated IGF1 led to oral glucose tolerance 
test for GH at 2 hours (with documented hypoglycemia). GH 
levels of > 1 µg/L were diagnostic for acromegaly [18].

Postsurgical Outcomes
All patients had morning cortisol and ACTH measurements pre-
operatively and at extubation following surgery, with samples 
collected on ice. In CD patients, preoperative cortisol and 
ACTH levels were measured prior to CRH or DDAVP stimula-
tion testing. Postoperatively, plasma cortisol and ACTH levels 
were obtained in CD patients at 6-hour intervals from post-
operative day (POD) 0 through 3 (solid-phase competitive chemi-
luminescent enzyme immunoassay, Siemens Immulite 2500 
analyzer, NIH DLM; normal cortisol range 5-25μg/dL; normal 
ACTH range 10-60 pg/mL). In CD patients who received exogen-
ous corticosteroid replacement for adrenal insufficiency or in all 
CD patients after POD 3, daily morning cortisol levels were ob-
tained until POD 10 or until patient discharge. Early remission 
from CD was defined as previously published [19] using a nadir 
plasma cortisol level of <5μg/dL within 10 days of surgery, prior 
to administration of exogenous glucocorticoids. NEPV for corti-
sol and ACTH were calculated for each postoperative value by 
subtracting the average post-CRH or post-DDAVP stimulation 
value [5]. In CD and non-CD patients, corticosteroid replacement 
was initiated if serial testing of single morning cortisol levels re-
vealed cortisol suppression to levels <1 μg/dL or if the patients 
were symptomatic from hypocortisolism (tachycardia, dizziness, 
presyncope, hypotension, etc.). For non-CD patients, cosyntropin 
stimulation test was used to confirm the need for corticosteroid 
replacement [19] on POD 8 with a baseline of 7 μg/dL or an in-
crease to 18 μg/dL 60 minutes after cosyntropin administration 
indicating need for replacement.

Statistical Analysis
Patient baseline clinical characteristics are presented as percen-
tages or as means with SDs. Baseline characteristics were com-
pared using 2-sample tests of proportions or 2-sample T-tests 
with unequal variance where appropriate, using Welch’s approxi-
mation for degrees of freedom [20]. Normality for ACTH 
and cortisol at the time of extubation was verified using 
Shapiro-Wilks tests. Predictors of early nonremission (cortisol 
<5 ug/dL within 10 days of TSS) were identified by univariable 
and multivariable logistic regression with early nonremission as 
the dependent variable. Predictive ability was assessed using areas 
under the receiver operating characteristic (AUROC) curve and 
by Hosmer-Lemeshow χ2 statistics. Two-tailed P-values <0.05 
were considered statistically significant. GraphPad Prism 6.0 soft-
ware was used for figures (GraphPad Software, La Jolla, CA, 
USA). Statistical analyses were performed using STATA 14/IC 
software package (StataCorp LP, College Station, TX, USA).

Results
Patient Demographics
Of the 129 patients included in the study, 101 had CD. Among 
CD patients, early remission was confirmed in 90 (89%) 
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patients. Five patients (5%) underwent reoperations within 
the same admission. Eleven CD patients (11%) presented 
with macroadenomas, while the rest had microadenomas. 
We found no major differences in demographics or endocrine 
presentation between patients in early remission vs nonremis-
sion (Table 1). The non-CD patients (n = 28) presented with 
sellar masses including nonfunctioning macroadenomas 
(n = 13), somatotropinomas (n = 8), prolactinomas (n = 5), 
a craniopharyngioma, and a meningioma (Table 1).

HPA Axis at Extubation is Dependent on 
pre-operative Events
We measured plasma cortisol and ACTH at extubation after 
surgery. ACTH values were lower in CD patients compared 
to non-CD patients (110.3 ± 189.8 pg/mL vs 293.1 ±  
289.4 pg/mL, P < 0.01; Fig. 1A). Despite this, there was no 
difference between the groups in cortisol values (CD: 20.9 ±  
12.3 vs non-CD: 23.9 ± 10.7 μg/dL, P = 0.26; Fig. 1B). 
These data suggest that corticotrophs in CD patients are in-
hibited due to systemic hypercortisolism.

HPA Axis Elements Peak at Different Time-points 
Following Extubation
We found that serial (every 6 hours) monitoring of ACTH and 
cortisol in CD patients offered a powerful tool to analyze post-
operative HPA axis dynamics. The marked increase in plasma 
ACTH levels at extubation was followed by a rapid fall over 
the next 12 hours (Fig. 1C). Plasma ACTH levels remained 
stable within the physiologic range beyond 18 hours. Plasma 
cortisol also peaked at extubation (21.5 ± 12.1 µg/dL) but 
showed a broader peak with levels remaining elevated at 
12 hours (12.0 ± 17.0 µg/dL). Cortisol levels then fell slowly 
and stabilized only after 40 hours (Fig. 1D).

We suspected that nonremission due to corticotroph aden-
oma remnants in CD patients could significantly affect post-
operative HPA ACTH and cortisol values. At extubation, 
there were no statistically significant differences between pa-
tients who later achieved early remission vs nonremission, 
either for ACTH (remission: 88.0 ± 140.6 vs 254.7 ± 354.3 
pg/mL, P = 0.15; Fig. 2A) or cortisol (remission: 20.2 ± 11.1 
vs 26.2 ± 18.2 μg/dL, P = 0.31; Fig. 2B). Plasma ACTH was 
highest at extubation for all CD patients but did not differ 
between the remission and nonremission patients till 6 hours 
post-extubation (60.7 ± 209.1 vs 219.2 ± 285.2 pg/mL, 
P = 0.03; Fig. 2C and Supplementary Table S1 [21]). Serum 
cortisol trends were also clearly different between CD patients 
in remission vs nonremission beginning at 6 hours after extu-
bation (remission: 18.1 ± 15.7 vs 35.6 ± 23.7 µg/dL, P = 0.04; 
Fig. 2D) and remained different throughout the sampling pe-
riod (Supplementary Table S2 [21]).

NEPV for Cortisol Predicts non-remission at 
Extubation
Previously we showed that in CD patients, postoperative 
ACTH/cortisol can be interpreted in the context of baseline 
CRH stimulation test results using NEPV [5]. NEPV for cor-
tisol distinguished between patients in remission vs nonremis-
sion as early as at the time of extubation (−6.1 ± 12.9 vs 5.9 ±  
15.7, P = 0.01; Fig. 3A) and later during hospitalization 
(Fig. 3B, Supplementary Table S2 [21]). In multivariable 
logistic regression adjusting for age, gender, and race, NEPV 
for cortisol at extubation remained a reliable predictor for 
nonremission [adjusted odds ratio (OR) 1.1, 95% CI, 
1.0-1.2, P = 0.03; Table 2).

To further characterize NEPV for cortisol at extubation, we 
performed AUROC analysis. NEPV for cortisol predicted 
nonremission at extubation with AUROC of 0.72 (95% CI 
0.48–0.95) indicating good model discrimination. We also 

Table 1. Patient demographics, endocrine characteristics, and result of immunohistochemical staining of resected tumors

Diagnosis CD P-value Non-CD P-value*

Endocrine remission Remission Nonremission NA NA

Demographics

Number of patients 90 11 NA 28 NA

Age in years 22 (15) 26 (21) 0.43 44 (16) <0.01

BMI 30 (8) 33 (7) 0.24 31 (6) 0.88

% Female 53 69 0.31 46 0.4

% White race 76 54 0.12 48 0.02

% re-operations 10 46 <0.01 7 0.39

Endocrine characteristics

Preoperative cortisol 15.0 (6.1) 14.0 (7.6) 0.62 9.3 (4.4) <0.01

CRH-stimulated cortisol fold change 0.8 (0.8) 1.0 (0.4) 0.19 NA NA

Preoperative ACTH 54.1 (64.1) 38.5 (19.9) 0.09 29.6 (19.6) <0.01

CRH-stimulated ACTH fold change 2.4 (3.5) 2.3 (1.9) 0.88 NA NA

Pathology

ACTH stain 90 11 NA 0 NA

GH 0 0 NA 8 NA

PRL 0 0 NA 5 NA

Fsh/Lh 0 0 Na 13 Na

Abbreviations: BMI, body mass index; CD, Cushing’s disease; PRL, prolactin.
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tested model calibration using Hosmer-Lemeshow statistics, 
with P-values > 0.05 indicating good agreement. NEPV for 
cortisol predicted nonremission with Hosmer-Lemeshow χ2 

11.73 using 10 groups, with P = 0.16, indicating good calibra-
tion. We ran sensitivity and specificity analysis and identified a 
cutoff of −2.1, above which NEPV for cortisol at extubation 
predicted nonremission with sensitivity of 71.4% and specifi-
city of 68.8%. At 6 hours postoperatively, NEPV for cortisol 
predicted nonremission with AUROC of 0.85 (95% CI, 
0.74-0.96), and the NEPV cortisol cutoff of −2.1 predicted 
nonremission with sensitivity of 100% and specificity of 
66.3%. By 12 hours postoperatively, NEPV for cortisol pre-
dicted nonremission with AUROC of 0.95 (95% CI, 
0.89-1.00), and, at a cutoff of −2.1, nonremission was pre-
dicted with sensitivity of 100% and specificity of 83.3%. 
This cutoff indicates that patients with postoperative serum 
cortisol levels near or above the preoperative CRH or 
DDAVP-stimulated levels are likely in nonremission.

NEPV for ACTH did not reliably distinguish between pa-
tients in early remission vs nonremission at extubation 
(−75.2 ± 185.2 vs 112.8 ± 426.8, P = 0.18; Fig. 3C) or later 

in the postoperative time-course (Fig. 3D, Supplementary 
Table S1 [21]). However, in multivariable logistic regression 
adjusting for age, gender, and race, NEPV for ACTH at extu-
bation was a significant predictor of nonremission (adjusted 
OR 1.0, 95% CI, 1.0-1.0, P = 0.04; Table 2).

Secretagogue Choice Affects NEPV Analysis
The basis of NEPV strategy is to compare HPA axis responses to 
an exogenous secretagogue (CRH or DDAVP) with an endogen-
ous stressor (surgery). We evaluated whether the choice of ex-
ogenous secretagogue could affect the NEPV analysis. Of 89 
patients with available preoperative stimulation testing, 72 pa-
tients underwent CRH stimulation while 15 patients underwent 
DDAVP stimulation testing. We found that CRH led to more ro-
bust ACTH stimulation compared to DDAVP (Fig. 4A, Table 3). 
This led to significantly lower CRH-calculated NEPV values 
compared to DDAVP-calculated NEPV values for ACTH at 
6 hours (−125.5 ± 179.1 vs 14.3 ± 169.9, P < 0.01) and at 
12 hours postoperatively (−155.1 ± 179.7 vs −26.2 ± 83.7, 
P < 0.01; Table 3) including patients in remission (Fig. 4B). 

Figure 1. Perioperative cortisol (ng/dL) and ACTH (pg/mL) levels in CD and non-CD patients. (A) ACTH levels at extubation were statistically lower in CD 
vs non-CD patients. (B) Cortisol at extubation was unchanged between CD and non-CD patients. (C) Average ACTH (normal range 10-60 pg/mL) in all 
patients (CD and non-CD) shows a postoperative peak at the time of extubation. Non-CD data was only available preoperatively and at extubation. (D) 
Average cortisol (normal range 5-25 μg/dL) in all patients (CD and non-CD) demonstrating a distinct peak between 0 and 6 hours from extubation from 
anesthesia. Non-CD data was only available preoperatively and at extubation.  
Abbreviations: CD, Cushing’s disease.
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These differences likely diminished the predictive ability of 
NEPV for ACTH at extubation and later. In contrast, we found 
no differences in the percent increase in cortisol or in NEPV cor-
tisol calculated using CRH vs DDAVP stimulation at 0, 6, or 
12 hours postoperatively (Table 3) particularly for patients in re-
mission (Fig. 4C and 4D). These findings suggest that although 
the effect of secretagogue choice likely affected our ACTH re-
sults, there was no major effect on cortisol measurements in pa-
tients with CD.

Plasma ACTH at Extubation Predicts Steroid 
Replacement in non-CD Patients
Previous studies have evaluated the utility of recovery room 
(within a few hours of extubation) cortisol in predicting the 
need for physiologic cortisol replacement [22]. Here, we asked 
if a single measure at extubation could provide similar infor-
mation. Steroid replacement was required in 14 out of 28 
non-CD patients (50%). ACTH at extubation was lower in 
non-CD patients requiring postoperative steroid replacement 
vs not (105.8 ± 101.8 vs 449.1 ± 304.9 pg/mL, P < 0.01; 
Fig. 5A). In contrast, cortisol at extubation was not signifi-
cantly different in non-CD patients requiring steroid replace-
ment vs not (glucocorticoid-requiring: 20.7 ± 15.2 vs 26.2 ±  
5.9 μg/dL, P = 0.22; Fig. 5B). In univariable logistic regres-
sion, ACTH at extubation predicted the need for steroid re-
placement (OR 1.0, 95% CI, 1.0-1.0, P = 0.03; Table 4), 

whereas cortisol at extubation did not (OR 0.9, 95% CI, 
0.9-1.0, P = 0.24; Table 4).

Finally, we quantified the ability of ACTH at extubation 
to predict hormone replacement in non-CD patients by calcu-
lating the area under the receiver operating characteristic 
(AUROC) curve. ACTH at extubation predicted need for hor-
mone replacement with AUROC 0.91, 95% CI 0.79–1 indicat-
ing excellent model discrimination. ACTH at extubation also 
predicted hormone replacement with Hosmer-Lemeshow χ2 

11.19, P = 0.19 indicating good model calibration. A criterion 
for plasma ACTH of 117 pg/mL below which need for steroid 
hormone replacement was predicted in non-CD patients had a 
sensitivity of 92% and specificity of 78%. These results suggest 
that pituitary gland function in non-CD patients can be reli-
ably predicted by a single measure of ACTH at extubation 
from surgery.

Discussion
In this study, we measured cortisol and ACTH starting at the 
time of extubation from anesthesia for TSS to clarify the rela-
tionship between postoperative hormone dynamics and remis-
sion in CD or the need for postoperative glucocorticoid 
replacement in non-CD patients. Using normalized early post-
operative values (NEPV = the post-extubation values minus 
the peak preoperative stimulation test values), we found that 

Figure 2. Average perioperative cortisol and ACTH values in CD patients. (A)-(B). No differences in plasma ACTH (A) or cortisol (B) were identified CD 
patients in remission vs nonremission at the time of extubation. (C) In CD patients, the postoperative ACTH peak was blunted in patients achieving early 
remission. (D) CD patients achieving early remission also showed lower postoperative cortisol levels. Preoperative cortisol and ACTH levels (C and D) 
were measured just prior to CRH or DDAVP stimulation testing. Error bars = SEM.  
Abbreviations: CD, Cushing’s disease; DDAVP, desmopressin.
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cortisol NEPVs greater than −2.1 at extubation predicted 
nonremission with sensitivity of 71.4% and specificity of 
68.8%. Additionally, a plasma ACTH of less than 117 pg/mL 
predicted the need for glucocorticoid replacement in non-CD 
patients with a sensitivity of 92% and specificity of 78%.

In mammals, stressors activate the HPA axis in part through 
CRH-mediated ACTH release from the anterior pituitary 
gland [23]. In CD patients, the source of ACTH is either 
the normal corticotrophs or the corticotroph adenoma. 
Complete surgical removal of the corticotroph adenoma un-
masks the suppression of ACTH release from normal cortico-
trophs caused by previous hypercortisolism. Conversely, in 
non-CD patients, normal corticotrophs are not suppressed 
and the normal gland retains a full range of response to stress, 
resulting in a robust postoperative peak in ACTH [24, 25]. 
However, if the anterior pituitary gland in non-CD patients 
is damaged due to the tumor or surgery, the postoperative 
ACTH peak is reduced, similar to that of a CD patient in 

remission (Fig. 6). Therefore, careful interpretation of levels 
in the perioperative period can assist clinicians in predicting 
the long-term health of the HPA axis.

Although experts agree that TSS is the optimal treatment 
for CD [26], there is no consensus on how to quickly identify 
remission status after TSS to identify patients who may benefit 
from early reoperation [19, 27, 28]. Early reoperation is pref-
erable due to lower risk of scarring and local tissue remodeling 
[27–29]. Several studies have evaluated postoperative cortisol 
and ACTH levels for prediction of postoperative remission 
[30, 31]. However, early perioperative hormone-based assess-
ments have been limited by poor predictive accuracy [32, 33], 
due at least in part to intrapatient cortisol and ACTH 
variability.

In CD patients whose previous chronic hypercortisolism 
leads to suppression of CRH and ACTH [2, 32, 34], low cor-
tisol and ACTH are generally reliable markers for post-
operative remission [27, 29, 35–39]. However, patients who 

Figure 3. Comparison of perioperative NEPV for cortisol and ACTH in CD patients in remission vs non-remission. (A) NEPV cortisol was significantly 
decreased CD patients in early remission vs nonremission. (B) NEPV cortisol improves early separation between CD patients in remission vs 
nonremission compared to plasma cortisol. (C) NEPV ACTH is not significantly different at extubation between CD patients in remission vs nonremission. 
(D) NEPV ACTH poorly separates CD patients in remission vs nonremission. Error bars = SEM.  
Abbreviations: CD, Cushing’s disease; NEPV, normalized early postoperative values.
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Table 2. Predictors of early nonremission following transsphenoidal surgery

Variable OR 95% CI P-value Adj OR Adj 95% CI Adj P-value

Age in years 1.0 1.0, 1.0 0.39 1.0 1.0, 1.0 0.55

BMI 1.0 1.0, 1.1 0.22 1.0 1.0, 1.1 0.41

% Female 2.0 0.6, 6.9 0.29 1.8 0.5, 6.6 0.35

% White race 0.4 0.1, 1.2 0.10 0.4 0.1, 1.5 0.17

Preoperative cortisol 1.0 0.8, 1.1 0.55 1.0 0.8, 1.1 0.63

0-hour cortisol 1.0 1.0, 1.1 0.11 1.0 1.0, 1.1 0.19

6-hour cortisol 1.0 1.0, 1.1 0.01 1.0 1.0, 1.1 0.02

12-hour cortisol 1.1 1.0, 1.1 0.01 1.1 1.0, 1.1 0.02

NEPV 0-hour cortisol 1.1 1.0, 1.1 0.03 1.1 1.0, 1.2 0.03

NEPV 6-hour cortisol 1.1 1.0, 1.1 0.01 1.2 1.0, 1.3 0.02

NEPV 12-hour cortisol 1.1 1.0, 1.3 0.01 1.2 1.0, 1.3 0.01

Preoperative ACTH 1.0 1.0, 1.0 0.50 1.0 1.0, 1.0 0.58

0-hour ACTH 1.0 1.0, 1.0 0.02 1.0 1.0, 1.0 0.07

6-hour ACTH 1.0 1.0, 1.0 0.10 1.0 1.0, 1.0 0.28

12-hour ACTH 1.0 1.0, 1.0 0.04 1.0 1.0, 1.0 0.13

NEPV 0-hour ACTH 1.0 1.0, 1.0 0.06 1.0 1.0, 1.0 0.04

NEPV 6-hour ACTH 1.0 1.0, 1.0 0.02 1.0 1.0, 1.0 0.02

NEPV 12-hour ACTH 1.0 1.0, 1.0 0.15 1.0 1.0, 1.0 0.16

Results of univariable logistic regression with nonremission as the dependent variable or multivariable logistic regression adjusting for age, female gender, and 
White race. 
Abbreviations: Adj, adjusted; BMI, body mass index; NEPV, normalized early postoperative values; OR, odds ratio.

Figure 4. Comparison of perioperative cortisol and ACTH normalization using CRH stimulation vs DDAVP stimulation testing in CD patients in early remission. 
Values presented as means with SEM. No patients with DDAVP-based calculations were in early nonremission. (A) Higher ACTH levels after CRH vs DDAVP 
stimulation. (B) NEPV ACTH using CRH vs DDAVP-based calculations in patients in early remission. (C) Similar cortisol levels up to 30 minutes after CRH vs 
DDAVP stimulation. (D) Similar NEPV cortisol values between CRH and DDVAP-based calculations in patients in early remission. Error bars = SEM.  
Abbreviations: DDAVP, desmopressin; NEPV, normalized early postoperative values. hormone.
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receive preoperative medical treatment to normalize cortisol 
levels, or those who have cyclic hypercortisolism, may not 
have suppressed levels. Postoperative peaks in cortisol and 
ACTH occur near the time of extubation from anesthesia 
[30, 34, 40] likely mediated by interleukin 1 [41–43] 
(Fig. 1C and 1D). The postoperative cortisol peak was present 
in CD patients who achieved early remission, suggesting that 
chronically suppressed normal corticotrophs in CD patients 
are able to mount a response to the stress of surgery and anes-
thesia. However, peak values were higher in patients without 
early remission, in whom a sizeable component of the post-
operative peak is likely due to residual adenoma.

The intrapatient variability of postoperative cortisol and 
ACTH levels confound very early prediction of postoperative 
remission. We previously described a simple normalization 
strategy taking advantage of the observation that the stress 
of surgery is similar to preoperative CRH or DDAVP stimula-
tion testing results [5]. Subtracting early postoperative values 
from preoperative CRH or DDAVP-stimulated values can un-
cover underlying postoperative cortisol and ACTH dynamics 
and reduce interpatient variability. Whereas recovery room 
cortisol has been successfully shown to predict remission sta-
tus [44], we hypothesized that NEPV for cortisol would result 
in earlier prediction, possibly even at the time of extubation. 

Table 3. Comparison of preoperative cortisol and ACTH levels after 
CRH stimulation vs DDAVP stimulation

CRH DDAVP P-value

Number of patients 72 15 .

Percent increase in cortisol 85% 82% 0.91

0 hour NEPV cortisol −4.8 −6.7 0.60

6 hour NEPV cortisol −5.2 −9.7 0.39

12 hour NEPV cortisol −14.7 −12.0 0.69

Percent increase in ACTH 250% 200% 0.56

0 hour NEPV ACTH −80.5 53.5 0.12

6 hour NEPV ACTH −125.5 14.3 <0.01

12 hour NEPV ACTH −155.1 −26.2 <0.01

Abbreviations: DDAVP, desmopressin; NEPV, normalized early 
postoperative values.

Figure 5. Perioperative ACTH (a) and cortisol (b) in non-Cushing’s disease patients requiring postoperative replacement steroids vs patients without 
replacement requirement. P < 0.05 2-tailed from 2-sample T-test with unequal variance and Welch’s approximation for degrees of freedom.  
Abbreviations: ns, not significant.

Table 4. Predictors of need for postoperative steroid hormone 
replacement in non-CD patients after TSS

Variable OR 95% CI P-value Adj OR Adj 
95% CI

Adj  
P-value

Age 1.0 1.0, 1.1 0.89 1.0 1.0, 1.1 0.76

Female 1.3 0.3, 5.9 0.71 0.9 0.2, 5.1 0.91

White race 0.4 0.1, 2.2 0.30 0.4 0.1, 2.2 0.29

BMI 1.2 1.0, 1.4 0.05 1.2 1.0, 1.6 0.07

Cortisol at 
extubation

0.9 0.9, 1.0 0.24 1.0 0.9, 1.1 0.44

ACTH at 
extubation

1.0 1.0, 1.0 0.03

Results of univariable or multivariable logistic regression with steroid 
replacement as the dependent variable. Multivariable analysis adjusted for 
age and gender. 
Abbreviations: BMI, body mass index; non-CD, non-Cushing’s disease; OR, 
odds ratio.
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We found a reliable separation between patients in remission 
vs nonremission using NEPV cortisol as early as the time of ex-
tubation, and this finding remained significant after multivari-
able analysis.

NEPV for ACTH poorly predicted early remission status in 
our study likely due to the differences we found in DDAVP- 
calculated vs CRH-calculated NEPV for ACTH. Preoperative 
DDAVP stimulates ACTH and cortisol release in most CD pa-
tients [13, 45, 46] via vasopressin receptor 2 signaling that has 
been reported in adenomatous but not in normal corticotrophs 
[47, 48]. Consequently, a diminished DDAVP response postop-
eratively has been used as a marker of early remission [49, 50]. 
Variable ACTH and cortisol responses to DDAVP stimulation 
have been reported [13, 45]; therefore a possible explanation is 
that the loss of V2 receptor signaling after successful adenec-
tomy leads to a mismatch between the postoperative surgical 
stress response and preoperative DDAVP stimulation testing, 
although the reason why this effect is specific for ACTH re-
mains obscure. DDAVP-calculated and CRH-calculated 
NEPV for cortisol were statistically indistinguishable in our 
study.

In non-CD patients undergoing TSS, plasma ACTH but not 
cortisol levels at extubation predicted need for postoperative 
hormone replacement. The half-life of ACTH is 22 minutes 
[51, 52]; therefore it is possible that acute anterior pituitary 
gland injury may not yet result in plasma cortisol changes at 
the time of extubation (Fig. 5). Furthermore, data indicated 
that higher ACTH values above 117 pg/mL at extubation 
predicted patients who would not require steroid hormone 
replacement postoperatively, likely because a normal post-
operative ACTH peak indicates normal functioning cortico-
trophs in non-CD patients. This determination may promote 
earlier discharge for patients who are otherwise doing well 
postoperatively and also limit the need for serial lab 
draws in non-CD patients with gland injury or dysfunction 
who will ultimately require steroid hormone replacement 
postoperatively.

Our study has a number of limitations, including limited 
sample size, lack of long-term remission data, and patient ac-
crual from a specialized clinical center that may not represent 

the US population at large. Our study benefits from uniform 
procedures performed by the same surgeon and rigorous 
endocrine assessment obtained at a single clinical center. 
Whereas NEPV for cortisol shows promise as a single predict-
or of remission status at the time of extubation, its sensitivity 
at the cutoff of −2.1 was 71.4% at extubation and 100% at 6 
and 12 hours postoperatively. Larger studies may help further 
refine the NEPV cutoff and improve its clinical utility.

Summary and Conclusions
In this study, we measured cortisol and ACTH in CD and 
non-CD patients undergoing TSS, starting at the time of extu-
bation from anesthesia, and clarified postoperative hormone 
dynamics in each group. NEPV cortisol predicted CD remis-
sion status as early as the time of extubation; however, its sen-
sitivity at a single cutoff (−2.1) improved at 6 and 12 hours. 
By contrast, we found that plasma ACTH at extubation can 
predict the need for eventual steroid replacement in non-CD 
patients.
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