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Abstract

Background: Anterior cruciate ligament (ACL) tears are common knee injuries. Despite 

undergoing extensive rehabilitation after ACL reconstruction (ACLR), many patients have 

persistent quadriceps muscle weakness that limits their successful return to play and are also at an 

increased risk of developing knee osteoarthritis (OA). Human growth hormone (HGH) has been 

shown to prevent muscle atrophy and weakness in various models of disuse and disease but has 

not been evaluated in patients undergoing ACLR.

Hypothesis: Compared with placebo treatment, a 6-week perioperative treatment course of HGH 

would protect against muscle atrophy and weakness in patients undergoing ACLR.

Study Design: Randomized controlled trial; Level of evidence, 2.
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Methods: A total of 19 male patients (aged 18-35 years) scheduled to undergo ACLR were 

randomly assigned to the placebo (n = 9) or HGH (n = 10) group. Patients began placebo or HGH 

treatment twice daily 1 week before surgery and continued through 5 weeks after surgery. Knee 

muscle strength and volume, patient-reported outcome scores, and circulating biomarkers were 

measured at several time points through 6 months after surgery. Mixed-effects models were used 

to evaluate differences between treatment groups and time points, and as this was a pilot study, 

significance was set at P < .10. The Cohen d was calculated to determine the effect size.

Results: HGH was well-tolerated, and no differences in adverse events between the groups were 

observed. The HGH group had a 2.1-fold increase in circulating insulin-like growth factor 1 over 

the course of the treatment period (P < .05; d = 2.93). The primary outcome measure was knee 

extension strength, and HGH treatment increased normalized peak isokinetic knee extension 

torque by 29% compared with the placebo group (P = .05; d = 0.80). Matrix metalloproteinase–3 

(MMP3), which was used as an indirect biomarker of cartilage degradation, was 36% lower in the 

HGH group (P = .05; d = −1.34). HGH did not appear to be associated with changes in muscle 

volume or patient-reported outcome scores.

Conclusion: HGH improved quadriceps strength and reduced MMP3 levels in patients 

undergoing ACLR. On the basis of this pilot study, further trials to more comprehensively evaluate 

the ability of HGH to improve muscle function and potentially protect against OA in patients 

undergoing ACLR are warranted.

Registration: NCT02420353 (ClinicalTrials.gov identifier)
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Anterior cruciate ligament (ACL) tears are among the most frequent traumatic knee injuries 

in sports medicine, with an average annual rate of surgical ACL reconstruction (ACLR) in 

the United States of 73.6 per 100,000 person-years.20 There have been advances in surgical 

repair techniques that have reduced graft failure rates, but many patients have persistent 

quadriceps muscle weakness after ACLR, with strength deficits as high as 40%, and are at 

an increased risk of developing osteoarthritis (OA) later in life.21,35 Muscle weakness after 

ACLR reduces the likelihood of return to play at the same level before the injury, increases 

the risk of reinjuries, and can contribute to the development of OA beyond the chondral and 

meniscal injuries themselves.22,33 Additionally, muscle weakness is associated with reduced 

long-term patient-reported function after ACL tears.10 Therefore, identifying a treatment 

option to prevent the loss of strength after ACLR could improve our ability to return patients 

to preinjury competition levels and limit the long-term development of OA.

Human growth hormone (HGH) is an important endocrine hormone that regulates 

metabolism and tissue growth and maintenance.19 One of the downstream effector 

molecules of HGH is insulin-like growth factor 1 (IGF-1), which is produced by various 

tissues, including skeletal muscle, in response to HGH.19 IGF-1 promotes muscle stem cell 

proliferation and activates Akt and the mTORC1 complex, which regulate muscle protein 

synthesis and can inhibit muscle protein catabolism.16,19 In animal models and studies of 

humans with disuse muscle atrophy, HGH treatment safely counteracted muscle wasting and 
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preserved strength, function, and quality of life.5,14 IGF-1 also promotes cartilage matrix 

protein synthesis and prevents cartilage catabolism,11 which indicate a potentially 

chondroprotective role for IGF-1 in traumatic joint injuries. Given the substantial muscle 

weakness observed in many patients after ACLR, and the role of HGH and IGF-1 in 

protecting against weakness and dysfunction in various models of disuse atrophy, we 

conducted a randomized, placebo-controlled, pilot clinical trial in which patients undergoing 

ACLR were administered either HGH or placebo for a 6-week period beginning 1 week 

before surgery. We hypothesized that, compared with placebo treatment, a 6-week 

perioperative course of HGH would protect against muscle weakness and atrophy in patients 

undergoing ACLR. The overall objectives of the study were to evaluate if HGH would be 

safely tolerated in closely monitored patients undergoing ACLR and, if so, to collect pilot 

and early efficacy data to determine if subsequent larger clinical trials are warranted.

METHODS

Participants

This study was approved by the University of Michigan Medical School Institutional Review 

Board, and an Investigational New Drug Exemption was granted by the United States Food 

and Drug Administration (IND 123189). This study is listed on ClinicalTrials.gov 

(NCT02420353) and followed the Declaration of Helsinki. Inclusion and exclusion criteria 

are shown in Table 1, and the CONSORT (Consolidated Standards of Reporting Trials) 

diagram is presented in Figure 1A. Patients underwent blood work screening approximately 

4 to 6 weeks before surgery, which included a complete blood count with automated 

differential, metabolic panel, and lipid panel as well as measurements of hemoglobin A1c, 

high-sensitivity C-reactive protein (hs-CRP), and IGF-1. Patients with laboratory values 

within clinically acceptable guidelines were eligible for study enrollment. Then, 

approximately 2 weeks before surgery (range, 1.1-5.4 weeks), baseline patient-reported 

outcome measures, strength testing, and magnetic resonance imaging (MRI) were performed 

before the administration of HGH or placebo. After ACLR, patients completed 6 

postoperative visits, which occurred approximately 1 week (range, 0.4-1.1 weeks), 2 weeks 

(range, 1.7-2.3 weeks), 5 weeks (range, 4.4-6.4 weeks), 12 weeks (range, 11.9-13.1 weeks), 

18 weeks (range, 16.9-19.3 weeks), and 26 weeks (range, 25.3-28.1 weeks) after surgery 

(Figure 1B).

A 3-member safety committee, composed of a sports medicine physician (T.M.A.), a sports 

medicine orthopaedic surgeon (J.E.C.), and an endocrinologist (A.L.B.), oversaw the safety 

of the study and reviewed interim progress reports and adverse events. The committee was 

blinded to participant allocation. No specific rules were established that dictated stopping 

the trial. The committee was charged with considering the safety profile of HGH and the 

magnitude of effect, which was unknown in this patient population, as well as the objective 

of collecting enough data to design further clinical trials evaluating HGH in patients 

undergoing ACLR. A clinical epidemiologist (J.P.G.) was available for committee 

consultation.

To provide normative values for myostatin, matrix metalloproteinase–3 (MMP3), and 

hyaluronic acid (HA) biomarkers, we recruited an additional group of 9 age-matched healthy 
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control participants without ACL tears (mean age, 27 years [range, 21-35 years] mean body 

mass index, 22.5 kg/m2 [range, 20.5-26.6 kg/m2]) using the same exclusion and inclusion 

criteria, except that participants were excluded if they had a previous joint injury. This 

portion of the study was approved by the Hospital for Special Surgery Institutional Review 

Board.

Study Group Assignment

Patients who passed safety screening and consented to enter the study were randomized to 

either the HGH or the placebo group. Using a random number generator, a block 

randomized assignment schedule that maintained equal group sizes was created before the 

start of the study.

HGH and Placebo Administration

Somatropin (Humatrope; NDC 0002-7335-11; Eli Lilly), which is HGH of recombinant 

DNA origin, or bacteriostatic saline, which served as the placebo (NDC 00409-1966-12; 

McKesson), was prepared by the University of Michigan Investigational Drug Service 

pharmacy to be doubly blinded to the patient and to study investigators. Patients underwent a 

training session and were instructed to deliver their dispensed medication via a subcutaneous 

injection into their abdominal area using an insulin syringe with a 31-gauge needle (BD). 

The dose was 0.5 mg of HGH per meter-square of body surface area (Figure 1C), twice 

daily, as a previous study used this same dose to significantly increase IGF-1 levels.40 This 

dose of HGH was approximately one-third of the dose that was shown to improve muscle 

function in patients with HIV-associated muscle wasting.9 Patients were asked to complete a 

log documenting administration. Treatment with HGH or placebo began 1 week before 

surgery and continued through 5 weeks postoperatively.

Surgical Reconstruction

Surgical reconstruction was performed by a fellowship-trained, high-volume ACL sports 

medicine orthopaedic surgeon (A.B.). Single-bundle anatomic reconstruction with a patellar 

tendon or hamstring tendon autograft was performed to recapitulate the native ligament 

footprint and ligament obliquity. A central-third patellar tendon or quadrupled 

semitendinosus and gracilis graft was harvested in the usual fashion. Routine arthroscopic 

surgery was performed, and a medial portal with an independent drilling technique was 

utilized for anatomic femoral socket preparation in all cases. All grafts were tensioned and 

fixed in full extension. Longitudinal meniscal tears were repaired if possible in all cases; 

tears in the white-white zone or with irreparable patterns were partially resected. Unstable 

partial-thickness chondral flaps were debrided; no full-thickness defects requiring marrow 

stimulation or autograft transplantation were present in this study.

Rehabilitation

Patients underwent postoperative rehabilitation at a single sports medicine clinic with a 

standardized rehabilitation protocol and the same rehabilitation staff to allow additional ad 

hoc safety monitoring between study visits. The program followed the general principles of 

the MOON Group recommendations42 of early return to full extension and early quadriceps 
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strengthening. Rehabilitation began with quadriceps sets, straight-leg raises, ankle pumps, 

heel slides, and partial weightbearing up to 25% in the first week. These exercises continued 

into the second and third weeks, with the addition of electrical stimulation for muscle re-

education, leg presses, core and hip exercises, stationary bicycling, and progression to 50% 

weightbearing. From weeks 4 to 12, additional closed kinetic chain resistance exercises were 

added, and patients progressed to full weightbearing and open kinetic chain exercises. From 

weeks 12 to 20, exercises increased in load and complexity, and patients progressed to a 

jogging program. Agility and plyometric training began at week 20 and continued in 

complexity and intensity based on passing functional tests, demonstrating appropriate gait 

and motor control.

Hematology and Blood Chemistry

Blood was drawn from the antecubital vein into a K2-EDTA, serum separator, or heparin 

Vacutainer tube (BD). Plasma or serum was prepared from whole blood, and samples that 

were not analyzed on the same day were stored at −80°C. Assays were performed by the 

University of Michigan Department of Pathology following clinical standard of care 

guidelines, with the exception of myostatin, MMP3, and HA, which were not available as 

clinical assays. Complete blood counts were measured in an XN-9000 system (Sysmex). 

Comprehensive metabolic panels, lipid panels, and hs-CRP were measured in an ADVIA 

1800 system (Siemens). Hemoglobin A1c was determined in plasma samples using a G8 

HPLC analyzer (Tosoh Bioscience). IGF-1 was measured from serum using an IMMULITE 

2000 system (Siemens). Clinical normative values used for patient care were determined by 

the University of Michigan Department of Pathology, with the exception of published age-

adjusted reference values for IGF-1.4 Myostatin (as a muscle atrophy biomarker) as well as 

MMP3 and HA (as cartilage biomarkers) were measured from serum (MMP3) or plasma 

(myostatin and HA) using enzyme-linked immunosorbent assays (ELISAs) (R&D Systems) 

as described29,30 and following manufacturer recommendations.

Some participants at the first and second postoperative visits exceeded the hs-CRP upper 

assay limit of 20 mg/L (first postoperative visit: n = 2 for placebo, n = 5 for HGH; second 

postoperative visit: n = 0 for placebo, n = 1 for HGH). These participants were recorded as 

20 mg/L, and therefore, values at these visits underestimate actual values. All other values 

were within the calibration ranges of assays.

Magnetic Resonance Imaging

MRI to quantify muscle volume was performed using the same Ingenia 3.0-T MRI scanner 

(Philips). Axial mDIXON Quant sequences were conducted from just distal to the knee joint 

to the hip joint, and quadriceps and hamstring fat-cleared muscle volumes were calculated 

using AMRA Profiler software (AMRA Medical), as described,26 in a blinded manner. We 

measured absolute muscle volumes and also normalized the volume of the injured leg’s 

muscle group to the volume of the muscle group of the uninjured leg before surgery, as we 

believed that this value was most representative of the preinjury value of the injured leg. 

From the 57 scans analyzed, 9 had signal quality issues that prevented a quantitative 

assessment and were excluded from analysis.
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Muscle Strength

Isometric and isokinetic knee flexion and extension strength measurements were obtained 

with a System 3 dynamometer (Biodex).15,30 Isometric measurements were performed at 

90° of knee flexion. Isokinetic measurements were performed at a speed of 60 deg/s from a 

range of 0° to 90° of knee flexion. In addition to absolute values of injured legs, normalized 

values were calculated by dividing the value from the injured leg by the value from the 

contralateral uninjured leg before surgery. For each measurement, the highest force from a 

series of 5 repetitions was used.

Patient-Reported Outcome Measures

The Veterans RAND 12-Item Health Survey (VR-12) was used to measure health-related 

quality of life.38 The International Knee Documentation Committee (IKDC) form2 and the 

Knee injury and Osteoarthritis Outcome Score (KOOS)36 were used to assess knee- and 

physical activity-related outcomes.

Statistical Analysis

As this is a pilot and safety study that is not meant to make definitive efficacy statements, 

data are presented as the mean ± 90% CI, and significance was reported at the P < .10 and P 
< .05 levels.8,25 On the basis of the strength values of patients at 26 weeks postoperatively,30 

with a power of 0.80 and α of .05, we estimated that 17 patients per group would be 

necessary to detect a strength difference of 30% at 26 weeks postoperatively. Mixed-effects 

models determined the differences within either the placebo or the HGH group over time 

compared with preoperative values and also between groups at each time point. Values at 

baseline or for area under the curve (AUC) measurements between groups were compared 

using t tests. Fisher exact tests were used to compare the ACL graft type and adverse event 

risk. The Cohen d was calculated28 to determine the effect size of HGH treatment for chief 

parameters. Cohen d cutoffs were defined as very small (0.01), small (0.20), medium (0.50), 

large (0.80), very large (1.20), and huge (2.00).37 Analyses were performed using Prism 

(version 8.0; GraphPad Software).

RESULTS

Enrollment

We screened 273 male patients with a diagnosis of an ACL tear at our sports medicine center 

between October 2015 and October 2018 (Figure 1A). A total of 253 patients were excluded 

from the study, with 174 excluded for not meeting inclusion criteria either because they did 

not complete their rehabilitation at our center or because of a previous musculoskeletal 

injury of another joint. An additional 75 declined participation, with many citing intolerance 

of self-administered injections. There were 4 patients who were interested in the study and 

otherwise eligible but did not pass laboratory prescreening. A total of 20 patients were 

randomized to the placebo or HGH group. A participant in the placebo group withdrew after 

the first postoperative visit because of personal schedule changes, and that patient’s data are 

excluded from the results. Baseline patient characteristics are presented in Table 2.
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Safety

There were no significant differences in adverse events between the placebo and HGH 

groups (Table 3). A patient in the HGH group received a modified dose of HGH after 

reporting disruptive hyperhidrosis that he attributed to the study treatment. Although a 

causative relationship was not established, the dose for this patient was reduced by 50% in 

the final 2 weeks of the treatment window, and symptoms resolved. Despite reducing the 

total dose of HGH, this patient still had an IGF-1 AUC−1 to 5w that was 21% higher than the 

mean of the HGH group. Clinical blood work findings (Appendix Table A1, available in the 

online version of this article) were generally within acceptable normative values or expected 

to change as a result of surgery or rehabilitation interventions.

When reviewing the last data analysis report, the safety and data committee noted the 29% 

difference in relative isokinetic knee extension strength between the 2 treatment groups 

(discussed below), which was the primary outcome measure of the study. The results at this 

time point were statistically significant (P < .05) and had a large effect size (d = 0.80), and 

standard deviations were less in the current study than in the previous study used to perform 

the sample size estimates.30 Given the pilot nature of the study, and as the treatment 

assignments were unknown to the committee, the committee unanimously decided that it 

was not appropriate to continue the study given the substantial differences in strength 

between the groups. If the group that had received HGH was weaker, then the committee 

thought that it was inappropriate to continue to treat patients. Further, if the group that was 

stronger was receiving HGH, then there were sufficient data to design subsequent clinical 

trials. Therefore, the committee believed that the study had reached its original intended 

objectives.

Biomarkers

IGF-1 levels in both groups were the same at baseline, and all were within age-adjusted 

reference values. By 1 and 2 weeks postoperatively, IGF-1 levels in the HGH group were 

2.4- and 2.8-fold greater than in the placebo group, respectively (Figure 2A). At 5 weeks, 

IGF-1 was 1.9-fold greater in the HGH group than in the placebo group, and from 12 weeks 

on, IGF-1 was not different between the groups (Figure 2A). Because of logistics, it was not 

possible to measure IGF-1 levels in every patient exactly when HGH was discontinued at 5 

weeks, which likely contributed to the reduction of IGF-1 levels at the 5-week time point. 

For the overall treatment window, the AUC−1 to 5w for the HGH group was 2.1-fold higher 

than for the placebo group (Figure 2B), with a huge effect size (d = 2.93). We also evaluated 

myostatin, which is another circulating protein involved in the regulation of muscle atrophy. 

Healthy control participants had a myostatin level of 4.94 ± 0.40 ng/mL. Compared with the 

preoperative visit, there was a transient 33% reduction in myostatin in the placebo group and 

a 24% reduction in the HGH group, but levels returned to baseline, and no differences in 

AUC−1 to 5w for myostatin were observed (Figure 2, C and D).

For cartilage biomarkers, MMP3 was 22.9 ± 7.4 ng/mL in healthy control participants. 

MMP3 increased in both study groups at the first preoperative time point compared with 

baseline but was 23% lower in the HGH group (Figure 2E). By 2 weeks postoperatively, 

MMP3 was 45% lower in the HGH group, and at 5 and 12 weeks, MMP3 was 54% and 37% 

Mendias et al. Page 7

Am J Sports Med. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



lower, respectively (Figure 2E). The AUC−1 to 5w for the HGH group was 36% lower than 

for the placebo group (Figure 2F), with a very large effect size (d = −1.34). HA of control 

participants was 18.6 ± 2.0 ng/mL. HA in the HGH group was 52% higher than in the 

placebo group at the first postoperative visit and was generally similar between the groups 

thereafter, with no difference in AUC−1 to 5w (Figure 2, G and H).

MRI Muscle Volume Measurements

The absolute quadriceps muscle volume in the HGH group was 17% higher than in the 

placebo group at baseline, but no differences were observed between the groups at 5 or 26 

weeks (Figure 3A). Both groups lost approximately 20% of their absolute quadriceps muscle 

volume at 5 weeks after surgery, and by 26 weeks, the HGH group was 8% smaller than 

preoperative levels (Figure 3A). Similar results were observed for normalized quadriceps 

values (Figure 3B). For the hamstring muscle, the HGH group’s absolute volume was 14% 

larger than that of the placebo group (Figure 3C). Both groups lost approximately 10% of 

their volume at 5 weeks, and by 26 weeks, absolute volumes returned to preinjury levels 

(Figure 3C). The effect size for the significant difference between the placebo and HGH 

groups at 26 weeks was large (d = 0.91). Differences in normalized hamstring muscle 

volumes generally followed the same changes observed in absolute volumes, with a 

significant difference between the placebo and HGH groups at 26 weeks and a large effect 

size (d = 0.91) (Figure 3D).

Muscle Strength

For absolute isometric knee extension torque, both groups experienced a 59% reduction in 

strength from preoperatively to 5 weeks postoperatively, but by 26 weeks, the strength 

deficit of the placebo group was 18%, while the HGH group was not significantly different 

from preoperative values (Figure 4A). Normalized values showed similar trends but with 

smaller differences between the placebo and HGH groups (Figure 4B). There were no 

differences in absolute or relative isometric extension strength between the groups at any 

time point (Figure 4, A and B).

Isokinetic strength measurements demonstrated a 68% loss in peak torque in the placebo 

group at 5 weeks, while the HGH group had a 58% reduction (Figure 4C). By 26 weeks, 

absolute torque was 15% lower in the placebo group than preoperative values, but the HGH 

group was 10% higher (Figure 4C) than preoperative values, resulting in a 33% increase in 

absolute torque in the HGH group compared with the placebo group. The effect size for this 

comparison was large (d = 0.80). Similar trends were present in normalized values, with the 

HGH group having a 29% increase in isokinetic torque compared with the placebo group 

and a large effect size (d = 0.80) (Figure 4D). Other than 26 weeks, no significant 

differences were observed between the groups (Figure 4, C and D).

For hamstring strength, the placebo group lost 44% of isometric knee flexion torque from 

preoperative values to 5 weeks after surgery, and the HGH group lost 25% (Figure 4E). At 

26 weeks, the placebo group returned to preoperative values, while the HGH group was 27% 

higher than baseline values (Figure 4E). Normalized isometric flexion generally followed a 
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similar pattern as absolute values (Figure 4F). There were no differences in absolute or 

relative isometric flexion strength between the groups at any time point (Figure 4, E and F).

Absolute isokinetic flexion values for both groups were reduced at 5 weeks, with a 32% and 

23% loss in strength in the placebo and HGH groups, respectively. Also, 26 weeks after 

surgery, the placebo group returned to baseline, while the HGH group was 39% stronger 

than before surgery (Figure 4G). Between the groups, the HGH group had a 21% higher 

absolute torque than the placebo group at 26 weeks (Figure 4G), with a medium effect size 

(d = 0.75). For normalized values, at 26 weeks, the placebo group returned to preoperative 

values, while the HGH group was 32% stronger, and both groups returned to bilateral 

symmetry (Figure 4H). Other than absolute values at 26 weeks, no differences were 

observed between the groups for isokinetic flexion values (Figure 4, G and H).

Patient-Reported Outcome Scores

We obtained VR-12 (Figure 5, A and B), IKDC (Figure 5C), and KOOS (Figure 5, D–H) 

outcome scores from patients. For most scales associated with activity and function, both 

groups demonstrated a reduction at 1 and 2 weeks and generally returned to preoperative 

levels at 5 to 12 weeks after surgery. Other than a few instances, there were generally no 

differences between the placebo and HGH groups at any time points (Figure 5, A–G), with 

the exception of the KOOS symptoms subscale in which the HGH group was consistently 

lower than the placebo group (Figure 5H).

DISCUSSION

In the current double-blind, randomized controlled trial, HGH improved quadriceps strength 

and reduced MMP3 levels in patients undergoing ACLR. The primary outcome measure for 

this study was knee extension strength at 6 months. In support of our hypothesis, we 

observed a 33% increase in absolute torque and a 29% increase in relative torque in the 

HGH group compared with the placebo group at 6 months after ACLR. We are unaware of 

an established minimal clinically important difference for knee strength in patients 

undergoing ACLR, but the effect size was large. Despite the differences in force production, 

we did not observe similar responses in muscle size. However, changes in muscle fiber size 

and strength are not always linked.18 We previously evaluated changes in the size and force 

production of individual muscle fibers from patients undergoing ACLR, along with whole 

muscle isometric and isokinetic strength testing.15 This approach allowed us to eliminate 

contributions from the nervous system and directly measure force production at the cellular 

level. While we observed small reductions in muscle fiber size at 1 and 2 months after 

surgical repair, maximum isometric force production was nearly a third lower than in fibers 

from healthy controls and by 6 months was reduced by 27%.15 The trends in muscle fiber 

force closely matched changes in isokinetic and isometric torque values measured at the 

whole muscle level.15 Myofibrils are the organelles within muscle fibers that generate active 

tension, and these results indicated a reduction in functional myofibrils as a contributing 

factor to the weakness observed in patients after ACLR.15 Therapeutic interventions to 

increase myofibril abundance could therefore improve whole muscle strength and functional 

outcomes for patients undergoing ACLR.

Mendias et al. Page 9

Am J Sports Med. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Muscle fibers are multinucleated cells. The nuclei within existing fibers are terminally 

withdrawn from the cell cycle, and nuclei that undergo apoptosis can only be replaced by a 

local myogenic stem cell population, referred to as satellite cells.16 Immobilization can 

decrease muscle fiber nuclei and reduce muscle function,3 while resistance exercises induce 

satellite cell proliferation and fusion that then increase myonuclear abundance and force 

capacity.34 Patients with ACL tears have increased quadriceps myonuclear apoptosis and 

reduced satellite cell abundance,13,31 which suggest that muscle weakness in patients 

undergoing ACLR occurs at least in part because of defective satellite cell activity. IGF-1 

induces satellite cell proliferation,16 and increased satellite cell activation is correlated with 

greater strength gains in resistance training programs,34 but the satellite cells of patients 

undergoing ACLR have deficits in activation after resistance exercises.12 IGF-1 may 

therefore protect patients undergoing ACLR from muscle weakness in part by promoting 

satellite cell activity, which could improve strength gains that result from resistance 

exercises in a postoperative rehabilitation program. Additionally, resistance exercises 

directly increase myofibrillar protein synthesis and force production in skeletal muscle. 

IGF-1 can activate the mTORC1 signal transduction pathway, which initiates protein 

synthesis in response to resistance exercises,16,19 and HGH could also have an additive 

effect on resistance exercise–induced increases in myofibrillar protein synthesis.

IGF-1 signaling can prevent muscle atrophy induced by the cytokine myostatin through 

blocking the pathways downstream of myostatin that direct proteolysis.16 Patients with ACL 

tears have increased myostatin protein abundance and markers of myostatin signaling in the 

quadriceps muscles of their injured limbs.32 Additionally, the targeted inhibition of 

myostatin was shown to protect against weakness in rats subjected to an ACL tear,43 which 

combined indicate a potential role for local myostatin signaling in causing muscle weakness 

after ACLR. In the current study, we did not observe an increase in systemic myostatin 

levels after ACLR, in disagreement with our previous findings.30 This is likely because of 

differences in the assay, as we previously used a competitive ELISA with polyclonal 

antibodies,30 while in the current study, we measured myostatin with a monoclonal antibody 

sandwich ELISA. There is a high degree of similarity between myostatin and other members 

of the transforming growth factor beta superfamily such as growth differentiation factor 11 

(GDF11), and the cross-reactivity between myostatin and GDF11 has been documented.7 

We have validated the ELISA in the current study using serum from mice in which the 

myostatin gene was genetically deleted,29 so we have confidence that myostatin levels 

measured in the current study are accurate. Although we did not detect an increase in 

circulating myostatin, previous studies that indicated a local elevation of myostatin in 

injured muscles,32 and the known ability of IGF-1 to inhibit the activation of signaling 

pathways that induce muscle weakness16 suggests that HGH may protect against the loss of 

strength in patients undergoing ACLR by inhibiting proteolysis.

Patients with ACL tears are at an increased risk of developing OA.21,35 IGF-1 promotes 

articular cartilage matrix protein synthesis and prevents cartilage catabolism11 and may 

therefore have a therapeutic role in preventing OA after ACLR. MMP3 is a stromelysin that 

is used as a marker of joint degradation.23 Circulating HA is used as a marker of synovial 

inflammation23 in OA, although it also has a chondroprotective role in joint health.6 We 

observed a consistent reduction in circulating MMP3 in the HGH group from postoperative 
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weeks 1 through 12 and a transient increase in HA at the first postoperative visit. IGF-1 can 

downregulate MMP3 expression27 and increase HA synthase expression,24 which fit with 

the observed changes in circulating protein levels. These findings suggest a potential 

chondroprotective effect of HGH after ACLR that warrants a more robust evaluation.

There are several limitations in our study. We only included male patients, and while we 

think that the results are likely applicable to women, further studies should include both 

sexes. We only evaluated patients through 6 months after ACLR, and there could be 

continued improvements in strength beyond this point. We did not directly quantify changes 

in knee cartilage and articular morphology, which would provide greater insight into the 

effect of systemic HGH on the cartilage structure and the long-term development of OA. 

Local changes in histological or biochemical markers of muscle protein synthesis were not 

measured, although this could provide additional insight into the mechanism of action of 

HGH in the context of recovery from ACLR. There is muscle weakness that occurs 

immediately after an ACL tear before surgical reconstruction, and administering HGH closer 

to the time of the initial tear could further limit the loss in strength that occurs in these 

patients. We also did not measure electromyographic activity or perform hop tests or other 

functional agility tests. IGF-1 can reduce dorsal root ganglia nociceptive neuron sensitivity 

and modulate peripheral synaptic plasticity,44 and the therapeutic use of HGH could affect 

pain and neuromuscular function after ACLR. Enrollment was discontinued before reaching 

the preplanned number of 17 per group, which can result in overestimates of the effect in 

decisive trials,17 but we thought that this was the correct decision, as this was a pilot trial.

Fully restoring quadriceps muscle weakness remains an unmet clinical objective for most 

patients who undergo ACLR. The current pilot trial demonstrated that a 6-week 

perioperative course of HGH safely increased isokinetic quadriceps strength by nearly a 

third, although strength was not restored to level of the opposite limb. A meaningful effect of 

HGH on patient-reported outcome measures was not observed, but similar to previous 

studies, there was a disconnect between patient-reported function and objective measures of 

knee strength.15,30 While we cannot make definitive clinical recommendations about the use 

of HGH from the current study, additional trials that consider longer and perhaps higher 

doses of HGH in a larger population of male and female patients, along with neuromuscular 

and additional functional evaluations, would help to further determine the therapeutic 

potential ofHGH to improve outcomes for patients who undergo ACLR. HGH has the 

potential to cause negative systemic side effects and, like any drug, carries some risk with 

use. Aggregate data do not support an association between HGH and all-cause mortality, the 

development of primary neoplasms, hypertension, hyperlipidemia, or cerebrovascular events.
1,39 However, HGH may increase the risk of developing type 2 diabetes mellitus in patients 

who are susceptible to this disease,1,39 which indicates the importance of carefully screening 

and monitoring insulin sensitivity in patients receiving HGH therapy. Finally, HGH is 

currently listed as a banned substance by the World Anti-Doping Agency,41 which limits the 

therapeutic use of HGH in high-level athletes. However, we think that HGH could 

potentially be used as part of a comprehensive ACLR rehabilitation plan and, perhaps for 

other traumatic joint injuries, to help athletes safely restore function and possibly protect 

against the development of OA without increasing strength or function to levels greater than 

they were before the injury.
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Figure 1. 
Study overview. (A) CONSORT (Consolidated Standards of Reporting Trials) diagram. (B) 

Approximate timeline of study events. (C) DuBois formula used to calculate the body 

surface area. HGH, human growth hormone; MRI, magnetic resonance imaging.
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Figure 2. 
Circulating biomarkers. Changes in circulating concentration values from serum or plasma 

and the area under the curve (AUC) from 1 week before surgery to 5 weeks after surgery for 

(A, B) insulin-like growth factor 1 (IGF-1), (C, D) myostatin, (E, F) matrix 

metalloproteinase–3 (MMP3), and (G, H) hyaluronic acid (HA). Values are shown as mean 

± 90% CI. Patients in the human growth hormone (HGH) group are shown in black, and 

those in the placebo group are shown in gray. The thick black line indicates the treatment 

window for HGH or placebo, with the preoperative time point occurring before initiating 

HGH or placebo treatment. Differences for A, C, E, and G were tested using mixed-effects 

models and for B, D, F, and H using t tests. Significance: †.05 ≤ P < .10 comparing HGH 

with placebo at a given time point; ‡P < .05 comparing HGH with placebo at a given time 

point; ^.05 ≤ P < .10 comparing the postoperative time point with the preoperative time point 

within the same treatment group; #P < .05 comparing the postoperative time point with the 

preoperative time point within the same treatment group.
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Figure 3. 
Magnetic resonance imaging volume measurements. Changes in fat-cleared (A) absolute and 

(B) normalized quadriceps muscle volume and (C) absolute and (D) normalized hamstring 

muscle volume. Values are shown as mean ± 90% CI. Patients in the human growth hormone 

(HGH) group are shown in black, and those in the placebo group are shown in gray. The 

thick black line indicates the treatment window for HGH or placebo, with the preoperative 

time point occurring before initiating HGH or placebo treatment. Differences were tested 

using mixed-effects models. Significance: †.05 ≤ P < .10 comparing HGH with placebo at a 

given time point; *P < .05 comparing HGH with placebo at a given time point; ^.05 ≤ P 
< .10 comparing the postoperative time point with the preoperative time point within the 
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same treatment group; #P < .05 comparing the postoperative time point with the preoperative 

time point within the same treatment group.
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Figure 4. 
Strength measurements. Changes in peak (A) absolute and (B) normalized isometric knee 

extension at 90° of knee flexion, (C) absolute and (D) normalized isokinetic knee extension 

from 90° to 0° of knee flexion, (E) absolute and (F) normalized isometric knee flexion at 90° 

of knee flexion, and (G) absolute and (H) normalized isokinetic knee flexion from 0° to 90° 

of knee flexion. Values for B, D, F, and H are normalized to the muscle group in the 

contralateral uninjured leg before surgery. Values are shown as mean ± 90% CI. Patients in 

the human growth hormone (HGH) group are shown in black, and those in the placebo 
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group are shown in gray. The thick black line indicates the treatment window for HGH or 

placebo, with the preoperative time point occurring before initiating HGH or placebo 

treatment. Differences were tested using mixed-effects models. Significance: †.05 ≤ P < .10 

comparing HGH with placebo at a given time point; ‡P < .05 comparing HGH with placebo 

at a given time point; ^.05 ≤ P < .10 comparing the postoperative time point with the 

preoperative time point within the same treatment group; #P < .05 comparing the 

postoperative time point with the preoperative time point within the same treatment group.
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Figure 5. 
Patient-reported outcomes. Changes in patient-reported outcome scores. Higher scores 

correspond to improved functional status. (A) Veterans RAND 12-Item Health Survey 

(VR-12) physical component summary (PCS), (B) VR-12 mental component summary 

(MCS), (C) International Knee Documentation Committee (IKDC) form, and Knee injury 

and Osteoarthritis Outcome Score (KOOS) subscales for (D) activities of daily living 

(ADL), (E) pain, (F) quality of life, (G) sport and recreation function, and (H) other 

symptoms. Values are shown as mean ± 90% CI. Patients in the human growth hormone 
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(HGH) group are shown in black, and those in the placebo group are shown in gray. The 

thick black line indicates the treatment window for HGH or placebo, with the preoperative 

time point occurring before initiating HGH or placebo treatment. Differences were tested 

using mixed-effects models. Significance: †.05 ≤ P < .10 comparing HGH with placebo at a 

given time point; ‡P < .05 comparing HGH with placebo at a given time point; ^.05 ≤ P < .10 

comparing the postoperative time point with the preoperative time point within the same 

treatment group; #P < .05 comparing the postoperative time point with the preoperative time 

point within the same treatment group.

Mendias et al. Page 22

Am J Sports Med. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Mendias et al. Page 23

TA
B

L
E

 1

In
cl

us
io

n 
an

d 
E

xc
lu

si
on

 C
ri

te
ri

aa

In
cl

us
io

n 
C

ri
te

ri
a

E
xc

lu
si

on
 C

ri
te

ri
a

• 
M

al
e 

se
x

• 
A

ge
 1

8-
35

 y
ea

rs
• 

U
ni

la
te

ra
l c

om
pl

et
e 

A
C

L
 te

ar
 w

ith
 o

r 
w

ith
ou

t a
 m

en
is

ca
l t

ea
r 

th
at

 o
cc

ur
re

d 
w

ith
in

 6
 m

on
th

s 
of

 s
tu

dy
 e

nr
ol

lm
en

t
• 

C
on

se
nt

ed
 to

 u
nd

er
go

 A
C

L
R

• 
A

gr
ee

d 
to

 u
nd

er
go

 s
up

er
vi

se
d 

po
st

op
er

at
iv

e 
re

ha
bi

lit
at

io
n 

at
 th

e 
U

ni
ve

rs
ity

 o
f 

M
ic

hi
ga

n 
M

ed
Sp

or
t C

lin
ic

• 
R

ev
is

io
n 

A
C

L
R

• 
Pr

ev
io

us
 in

ju
ry

 to
 th

e 
in

vo
lv

ed
 k

ne
e

• 
A

lle
rg

y 
to

 H
G

H
• 

B
od

y 
m

as
s 

in
de

x 
<

20
 o

r 
>

35
 k

g/
m

2

• 
Sy

st
ol

ic
 b

lo
od

 p
re

ss
ur

e 
>

14
0 

m
m

 H
g

• 
D

ia
st

ol
ic

 b
lo

od
 p

re
ss

ur
e 

>
90

 m
m

 H
g

• 
R

es
tin

g 
he

ar
t r

at
e 

>
11

0 
or

 <
40

 b
ea

ts
 p

er
 m

in
ut

e 
at

 s
cr

ee
ni

ng
• 

G
ro

w
th

 d
is

or
de

r 
of

 s
ke

le
to

n 
or

 c
on

ne
ct

iv
e 

tis
su

e
• 

Ty
pe

 1
 o

r 
2 

di
ab

et
es

 m
el

lit
us

• 
C

ar
pa

l t
un

ne
l s

yn
dr

om
e 

or
 tr

ig
ge

r 
fi

ng
er

• 
M

yo
pa

th
y,

 c
an

ce
r, 

en
do

cr
in

e 
di

so
rd

er
, o

r 
rh

eu
m

at
ol

og
ic

al
 d

is
or

de
r

• 
A

th
le

te
s 

w
ho

 p
ar

tic
ip

at
e 

in
 s

po
rt

s 
or

ga
ni

za
tio

ns
 th

at
 p

ro
hi

bi
t t

he
 u

se
 o

f 
H

G
H

a A
C

L
, a

nt
er

io
r 

cr
uc

ia
te

 li
ga

m
en

t; 
A

C
L

R
, a

nt
er

io
r 

cr
uc

ia
te

 li
ga

m
en

t r
ec

on
st

ru
ct

io
n;

 H
G

H
, h

um
an

 g
ro

w
th

 h
or

m
on

e.

Am J Sports Med. Author manuscript; available in PMC 2021 July 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Mendias et al. Page 24

TA
B

L
E

 2

B
as

el
in

e 
Pa

tie
nt

 C
ha

ra
ct

er
is

tic
sa

P
la

ce
bo

 (
n 

= 
9)

H
G

H
 (

n 
= 

10
)

A
ll 

(N
 =

 1
9)

A
ge

, y
24

.6
 ±

 2
.4

 (
20

.3
-3

3.
4)

28
.2

 ±
 2

.8
 (

18
.1

-3
4.

0)
26

.5
 ±

 1
.8

 (
18

.1
-3

4.
0)

IG
F-

1,
 n

g/
m

L
26

9 
±

 5
7 

(1
55

-3
97

)
23

0 
±

 2
7 

(1
73

-3
03

)
24

9 
±

 2
9 

(1
55

-3
97

)

A
C

L
 g

ra
ft

 ty
pe

, n

 
Pa

te
lla

r 
te

nd
on

6
8

14

 
H

am
st

ri
ng

 te
nd

on
3

2
5

a V
al

ue
s 

ar
e 

pr
es

en
te

d 
as

 m
ea

n 
±

 9
0%

 C
I 

(r
an

ge
) 

un
le

ss
 o

th
er

w
is

e 
in

di
ca

te
d.

 D
if

fe
re

nc
es

 b
et

w
ee

n 
th

e 
pl

ac
eb

o 
an

d 
H

G
H

 g
ro

up
s 

w
er

e 
te

st
ed

 w
ith

 th
e 

t t
es

t o
r 

Fi
sh

er
 e

xa
ct

 te
st

 (
A

C
L

 a
ut

og
ra

ft
 ty

pe
).

 N
o 

di
ff

er
en

ce
s 

be
tw

ee
n 

gr
ou

ps
 w

er
e 

de
te

ct
ed

. A
C

L
, a

nt
er

io
r 

cr
uc

ia
te

 li
ga

m
en

t; 
H

G
H

, h
um

an
 g

ro
w

th
 h

or
m

on
e;

 I
G

F-
1,

 in
su

lin
-l

ik
e 

gr
ow

th
 f

ac
to

r 
1.

Am J Sports Med. Author manuscript; available in PMC 2021 July 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Mendias et al. Page 25

TABLE 3

Adverse Events
a

Placebo HGH All

Any adverse event 7 (78) 8 (80) 15 (79)

Back pain 4 (44) 5 (50) 9 (47)

Constipation 0 (0) 1 (10) 1 (5)

Elevated alanine aminotransferase 3 (33) 2 (20) 5 (26)

Elevated aspartate aminotransferase 3 (33) 2 (20) 5 (26)

Elevated blood glucose 1 (11) 0 (0) 1 (5)

Fatigue 4 (44) 4 (40) 8 (42)

Headache 3 (33) 3 (30) 6 (32)

Increased sweating 2 (22) 3 (30) 5 (26)

Injection site bruising 1 (11) 0 (0) 1 (5)

Insomnia 0 (0) 1 (10) 1 (5)

Joint pain (other than surgical knee) 2 (22) 3 (30) 5 (26)

Joint swelling (other than surgical knee) 0 (0) 1 (10) 1 (5)

Muscle pain (other than surgical knee) 1 (11) 2 (20) 3 (16)

Muscle spasms/cramps 0 (0) 1 (10) 1 (5)

Reduced appetite 0 (0) 1 (10) 1 (5)

Stiffness (other than surgical knee) 0 (0) 3 (30) 3 (16)

Temperature sensation fluctuations 0 (0) 1 (10) 1 (5)

Tingling sensation/numbness 1 (11) 2 (20) 3 (16)

a
Values are presented as n (%). Differences between the placebo and HGH groups were tested with the Fisher exact test. No significant differences 

between groups were observed. HGH, human growth hormone.
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