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Abstract

OBJECTIVE—Maternal birth trauma to the pelvic floor muscles (PFMs) is a major risk factor for 

pelvic floor disorders. Modeling and imaging studies suggest that demands placed on PFMs 

during childbirth exceed their physiologic limits; however many parous women do not sustain 

PFM injury. Here we determine whether pregnancy induces adaptations in PFM architecture, the 

strongest predictor of muscle function, and/or intramuscular extracellular matrix (ECM), 

responsible for load bearing. To establish if parallel changes occur in muscles outside of the PFM, 

we also examined a hind limb muscle.

STUDY DESIGN—Coccygeus, iliocaudalis, pubocaudalis, and tibialis anterior of 3-month-old 

Sprague-Dawley virgin, mid-pregnant, and late-pregnant; 6-month-old virgin; and 4- and 12-week 

postpartum rats (N = 10/group) were fixed in situ and harvested. Major architectural parameters 

determining muscle’s excursion and force-generating capacity were quantified, namely, 

normalized fiber length (Lfn), physiologic cross-sectional area, and sarcomere length. 

Hydroxyproline content was used as a surrogate for intramuscular ECM quantity. Analyses were 

performed by 2-way analysis of variance with Tukey post hoc testing at a significance level of .05.

RESULTS—Pregnancy induced a significant increase in Lfn in all PFMs by the end of gestation 

relative to virgin controls. Fibers were elongated by 37% in coccygeus (P < .0001), and by 21% in 

iliocaudalis and pubocaudalis (P < .0001). Importantly, no Lfn change was observed in the tibialis 

anterior. Physiologic cross-sectional area and sarcomere length were not affected by pregnancy. 

By 12 weeks’ postpartum, Lfn of all PFMs returned to the prepregnancy values. Relative to virgin 

controls, ECM increased by 140% in coccygeus, 52% in iliocaudalis, and 75% in pubocaudalis in 

late-pregnant group, but remained unchanged across time in the tibialis anterior. Postpartum, ECM 

collagen content returned to prepregnancy levels in iliocaudalis and pubocaudalis, but continued to 

be significantly elevated in coccygeus (P < .0001).

CONCLUSION—This study demonstrates that pregnancy induces unique adaptations in the 

structure of the PFMs, which adjust their architectural design by adding sarcomeres in series to 
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increase fiber length as well as mounting a substantial synthesis of collagen in intramuscular 

ECM.
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The striated pelvic floor muscles (PFMs), comprised of the coccygeus and the muscles of 

the levator ani complex, are integral for structural support and proper pelvic floor function. 

Maternal birth trauma to the PFMs negatively impacts their function, which plays an 

important role in the pathogenesis of pelvic floor disorders.1–3 Modeling and imaging 

studies estimate that >300% PFM strain is required for vaginal childbirth. Such strain 

exceeds the physiologic limit of striated muscles and is presumed to cause radiologically 

detected abnormalities in the PFMs.4–9 These conclusions are consistent with mechanical 

studies of limb striated muscles, which demonstrate that muscle injury magnitude is a 

function of fiber strain.10–12 Given the extent of PFM strain necessary for vaginal delivery, 

it appears that all women should sustain injury to these muscles during childbirth. However, 

published data indicate that two thirds of women do not demonstrate evidence of PFM 

damage after spontaneous vaginal delivery. It is, therefore, possible that protective 

pregnancy-induced adaptations take place in the PFMs to ameliorate the impact of excessive 

muscle strain.

Adaptation during pregnancy in adjacent to the PFMs vagina and its supportive structures 

have been demonstrated in both humans and animals, with substantial biomechanical and 

biochemical changes occurring in preparation for delivery.13–17 To assess changes in the 

PFMs in pregnancy, clinical studies utilize an imaging parameter referred to as the levator 

hiatus.18,19 However, dimensions of levator hiatus provide very limited information relevant 

to PFM structure and function and do not correlate with strength or endurance of PFM 

contraction.20 Thus, our limited understanding of the impact of pregnancy and delivery on 

the structure and function of PFMs precludes identification of targets for preventive 

strategies.

Skeletal muscle architecture refers to the macroscopic arrangement of fibers within a muscle 

and provides the ability to predict skeletal muscle active force generation.21 Architectural 

design is dynamic—muscle’s plasticity enables adjustments to be made in response to 

chronic alterations in use. Skeletal muscle fibers are embedded in a connective tissue 

network of their extracellular matrix (ECM), which primarily consists of collagen. 

Intramuscular ECM determines muscle passive mechanical properties and ability to sustain 

load.22,23 Elucidating the impact of pregnancy on the PFMs architecture and intramuscular 

ECM will significantly advance our understanding of the mechanics of injury of these 

muscles due to parturition.

Architectural studies require isolation of the entire muscle and are not feasible in women, 

requiring the use of animal models. In rat, the organization of pelvic skeletal muscles, 

coccygeus, iliocaudalis, and pubocaudalis, are anatomically similar to human PFMs.24,25 

Furthermore, we recently reported that with respect to major architectural parameters, rat 

PFM design is similar to human.26 Rat has also been shown to be a reliable model for the 
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study of pregnancy-related changes in cervix, vagina, and vaginal supportive 

structures.14,27,28 In this study we quantified the structural adaptations that take place in the 

PFMs throughout pregnancy and determined the extent of recovery after vaginal delivery. 

Second, to determine whether these changes are specific to the PFMs or occur throughout 

the body, we examined a hind limb muscle, the tibialis anterior. We hypothesized that, if 

systemic hormonal effects cause the adaptation, pregnancy-induced alterations would take 

place in both the PFMs and the tibialis anterior. On the other hand, if local mechanical 

loading causes the adaptations, PFMs would adjust their architecture, while the tibialis 

anterior would remain unchanged.

Materials and Methods

The University of California Institutional Animal Care Committee approved all procedures 

performed. Ten mid-pregnant (10–12 days) and 10 late-pregnant (19–21 days) 3-month-old 

Sprague-Dawley rats (Rattus norvegicus) were used to characterize changes in PFM 

architectural endpoints and collagen content of the intramuscular ECM during pregnancy. 

PFM architecture of 3-month-old Sprague-Dawley female virgin rats, which served as a 

control group, was previously reported.26 Collagen content of the PFMs of virgin controls 

was determined using previously preserved tissue. Ten intermediate (4 weeks) and 10 late 

(12 weeks) postpartum animals were studied to determine whether PFMs returned to 

prepregnancy state. Previous studies in limb and shoulder muscles demonstrated that, as rats 

age and increase in size, their muscle fibers also elongate.29 Because 12-week postpartum 

rats were 6 months old at the time of sacrifice, PFM architecture was determined in 6-

month-old virgin rats, which served as a control group for the late-postpartum animals. 

Virgin and postpartum animals were in similar parts of the menstrual cycle (estrus and 

metestrus) as determined by vaginal smears. Architectural parameters and collagen content 

of the tibialis anterior were compared among the same groups. Pregnancy- and delivery-

induced changes were defined as the departure from the native PFMs in virgin controls.

Muscle architecture

After animal sacrifice, muscles were fixed in situ (ie, attached to the skeleton) in 10% 

buffered formaldehyde for 3–5 days after which each muscle was harvested, blotted dry, and 

weighed. Individual pelvic muscles were identified by tracking each muscle from its origin 

to insertion, weighed and divided into 3 regions, as previously described.26 Tibialis anterior 

muscles were identified, harvested, and processed in parallel. The following architectural 

parameters were quantified: fiber length (Lf), a predictor of contractile velocity and muscle 

excursion; physiologic cross-sectional area (PCSA), proportional to the maximum force a 

muscle can generate isometrically; and sarcomere length (Ls), the “molecular machine” that 

determines a muscle’s active force (ie, the force a muscle produces when stimulated). We 

measured Lf from fiber bundles dissected from each region of the muscle using electronic 

digital calipers to the nearest 0.01 mm. Muscle fibers were separated under a dissecting 

microscope using a ×6 objective and an overall magnification of ×60 (Leica MZ16, Meyer 

Instruments Inc, Houston, TX) and mounted on a slide for Ls determination by laser 

diffraction.30 The fixation process shortens Ls only by ~10% of its in vivo length, thus Ls 

provides information regarding muscle’s in vivo Ls. Ls was also used to calculate the 
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sarcomere number (Sn) in series within fibers to normalize Lf (Lfn) and account for potential 

differences in length among specimens at the time of fixation. We achieved Lfn by first 

calculating serial Sn using the following equation: Sn = Lf/Ls. Values for Lfn were then 

derived from the following equation: Lfn = Sn × Lso, where Lso represents species-specific 

optimal Ls and is 2.4 μm in rat.31 PCSA was calculated according to the following equation: 

PCSA = (mass * Lfn)/ρ,32 where ρ = 1.056 g/cm3 in a fixed muscle.33

Intramuscular ECM

Hydroxyproline content was used to determine intramuscular collagen content using a 

modification of a previously validated protocol.34 Briefly, small tissue samples were 

randomly taken from 3 regions of each muscle and hydrolyzed in 6 N hydrochloric acid at 

110°C for 24 hours. Samples were then pipetted with standards into 96-well plates and 

incubated with a chloramine T solution, followed by the addition of a p-dime-

thylaminobenzaldehyde solution. Hydroxyproline concentration was determined by 

spectrophotometry at 550 nm, normalized to the wet weight of the tissue sample, and 

converted to collagen using the constant of 7.46 that defines the number of hydroxyproline 

residues per collagen molecule. Normalization to wet weight is the preferred method when 

tissue samples are small because lyophilization further decreases sample mass and increases 

data variability.

Statistical analyses

Comparison among muscles and conditions was performed by 2-way analysis of variance 

followed by multiple comparisons with Tukey range test, as appropriate. Comparison of rat 

body weight between groups was performed by 1-way analysis of variance followed by 

multiple comparisons with Tukey range test, as appropriate. Significance level (α) was set to 

5%. To obtain 80% power (1-β) to detect a 15% difference the sample size of 10/group was 

calculated utilizing the equation: n= (coefficient of variation)2/(ln [1-δ])2 using the 

experimental variability from our previous data26 with variables n = sample size; δ = 

difference desired (15%).35,36 All data were screened for normality and skewness to satisfy 

the assumptions of the parametric tests used. Results are presented as mean ± SEM, except 

where noted. All statistical analyses were performed using software (GraphPad Prism, 

version 6.00; GraphPad Software, San Diego, CA).

Results

Weight varied among the groups (Table 1), with the late-pregnant animals being the 

heaviest, as expected (P <.0001 relative to 3-month-old virgin rats). Due to the progressive 

increase in weight of rats with age, weight of postpartum rats was significantly greater than 

3-month-old virgin group (P < .0001). Weight of late-postpartum rats did not differ from 

age-matched 6-month-old virgin animals (P >.1).

The following major architectural parameters were quantified: Lfn, a predictor of contractile 

velocity and muscle excursion; PCSA, proportional to the maximum force a muscle can 

generate; and Ls that determines relative force of active muscle contraction. The most 

important finding of our study was that pregnancy induces Lfn (serial Sn) change in all 3 
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PFMs. By mid pregnancy, Lfn was significantly greater only in iliocaudalis, with 18% 

increase from 14.8 ± 0.24 mm in virgin controls to 17.5 ± 0.41 mm in the mid-pregnant 

group (P < .0005). This was followed by an additional increase of 3% from mid to late 

pregnancy (Figure 1, A). Coccygeus and pubocaudalis, on the other hand, demonstrated a 

smaller change in Lfn by mid pregnancy, with 9.9% increase in coccygeus relative to virgin 

controls (P >.5) and 8.6% increase in pubocaudalis relative to virgin controls (P>.1). 

However, fibers of both of these muscles were significantly longer by the end of gestational 

period relative to virgin controls, with a 37% total increase in coccygeus (P < .0001) and a 

21% increase in pubocaudalis (P < .0001) (Figure 1, A). Importantly, PFMs only elongated 

their fibers by adding sarcomeres in series, as there were no differences in the length of the 

sarcomeres between the groups (Figure 1, B). Despite the largest increase in Lfn in 

coccygeus, this muscle returned to its prepregnancy state by 4 weeks’ postpartum (7.7 ± 

0.34 mm in virgins vs 9.0 ± 0.53 mm at 4 weeks’ postpartum, P > .2). Instead, fibers of 

iliocaudalis (14.8 ± 0.24 mm in virgins vs 18.7 ± 0.61 mm at 4 weeks’ postpartum, P < .

0001) and pubocaudalis (16.2 ± 0.38 mm in virgins vs 18.1 ± 0.39 mm at 4 weeks’ 

postpartum, P <.05) remained significantly elongated at 4 weeks after delivery (Figure 1, A). 

Twelve weeks after delivery, iliocaudalis and pubocaudalis Lfn did not differ between 

postpartum and age-matched virgin animals (iliocaudalis: 17.6 ± 0.46 mm in 6-month-old 

virgins vs 19.0 ± 0.45 mm at 12 weeks’ postpartum, P >.5; pubocaudalis 18.8 ± 0.60 mm in 

6-month-old virgins vs 18.53 ± 0.53 mm at 12 weeks’ postpartum, P > .5) (Figure 1, A). 

Notably, the significant Lfn increase observed in all 3 PFMs in late pregnancy was not 

present in the tibialis anterior, suggesting a local effect. Specifically, tibialis anterior Lfn was 

15.7±0.32 mm in virgins vs 15.9 ± 0.13 mm in late-pregnant rats (P >.9) (Figure 2, A).

Mass of coccygeus did not change due to pregnancy or delivery (Figure 1, C). Mass of 

iliocaudalis, on the other hand, significantly increased from 0.12±0.005 g in virgin animals 

to 0.15 ± 0.005 g by late pregnancy (P <.02), with no difference postpartum (0.16 ± 0.007 g 

at 12 weeks’ postpartum vs 0.16±0.009 g in 6-month-old virgin rats, P >.5) (Figure 1, C). 

The increase in pubocaudalis mass by late pregnancy was not significant: 0.11 ± 0.006 g in 

virgins vs 0.13 ± 0.013 g in late pregnant rats, P > .1. However, a substantial increase in 

mass was observed at 4 weeks’ postpartum (0.17 ± 0.007 g, P < .0001). Mass of 

pubocaudalis did not differ from virgin values by late-postpartum period (0.15 ± 0.002 g at 

12 weeks’ postpartum vs 0.17 ± 0.007 g in 6-month-old virgin rats, P > .1) (Figure 1, C). 

There were no changes in PCSA during pregnancy or 12 weeks after delivery in any of the 

PFMs (Figure 1, D). The tibialis anterior did not differ among groups with respect to Ls, 

muscle mass, or PCSA (Figure 2, B to D).

There were no differences in intramuscular ECM collagen content between individual PFMs 

in virgin controls; however all 3 PFMs contained significantly less collagen relative to the 

tibialis anterior: coccygeus vs tibialis anterior P <.001; iliocaudalis vs tibialis anterior P < .

005; pubocaudalis vs tibialis anterior P < .005 (Figure 3). Similar to the differential response 

of the muscle contractile component in pelvic and non-pelvic muscles, pregnancy impact on 

collagen of the intramuscular ECM also varied. Total collagen content increased drastically 

in all 3 PFMs in pregnant animals relative to virgin controls, while remaining unchanged in 

the tibialis anterior (Table 2). Because collagen content in the tibialis anterior was 
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unchanged by the end of gestational period and at 12 weeks’ postpartum, it was not assessed 

in mid-pregnant and 4 weeks’ postpartum groups. By mid pregnancy, ECM collagen content 

was substantially increased only in coccygeus, rising from prepregnancy level of 3.1 ± 0.47 

μg/mg to 5.9 ± 0.66 μg/mg; P =.0005. By the end of the gestational period, the amount of 

ECM collagen more than doubled in coccygeus, reaching 7.5 ± 0.65 μg/mg. Compared to 

virgin controls, intramuscular collagen content increased by 52% in iliocaudalis in late-

pregnant group (from 2.9 ± 0.21 μg/mg to 4.3 ± 0.12 μg/mg; P = .04) and by 75% in 

pubocaudalis (from 3.5 ± 0.52 μg/mg to 6.1 ± 0.62 μg/mg; P =.001). The dramatic increase 

in ECM collagen observed in pregnancy was no longer present by 4 weeks’ postpartum in 

iliocaudalis and pubocaudalis (Table 2). In the postpartum period, ECM collagen content of 

coccygeus decreased from its peak value in late pregnancy, but continued to be significantly 

elevated relative to virgin controls, with 6.7 ± 0.68 μg/mg at 4 weeks and 6.37 ± 0.55 μg/mg 

at 12 weeks’ postpartum (P <.0001).

Comment

This study demonstrates that pregnancy induces unique adaptations in the intrinsic structure 

of the striated PFMs. Our results show that, under functional conditions of pregnancy, PFMs 

adjust their architectural design—specifically, increasing their Lf by adding sarcomeres in 

series. The largest change in Lf occurred in coccygeus, as this muscle has the shortest fibers 

when compared to other PFMs. The above adaptation suggests that the muscles would have 

increased excursion, and may allow muscles to maintain maximum force production despite 

the increase in mechanical strain observed during parturition. Definitive answers to this 

question await measurement of Ls during parturition since current models do not have the 

resolution to address this issue. Muscle injury is primarily caused by excessive sarcomere 

strain,11,37 which is likely to occur during parturition. Increased Lf is protective against such 

damage since large mechanical deformations are distributed across a greater Sn.

In contrast to other tissues (vagina, cervix, nipples), collagen content of the intramuscular 

ECM increased in pregnancy in the PFMs. This expansion accompanies the increase in Lf 

and presumably also occurs in response to a greater mechanical load exerted on the PFMs in 

pregnancy. Increased ECM collagen content serves to stabilize the elongated fibers and has 

a potential to shield muscle fibers from excessive mechanical strain during parturition by 

providing a parallel elastic element that limits fiber strain. The largest increase in collagen 

content occurred in coccygeus, corresponding to the biggest Lf increase in this muscle. The 

accumulation of collagen in the intramuscular ECM persisted in this muscle postpartum, 

likely due to the tremendous rise during pregnancy. While increased collagen content in the 

intramuscular ECM is potentially a favorable adaptation during pregnancy and at the time of 

vaginal delivery, persistent increase in collagen in the late-postpartum period is pathological 

as it indicates the presence of fibrosis. This can have a detrimental impact on muscle 

function, as long-term increased stiffness of fibrotic muscles leads to muscle atrophy, 

reduced force production, decreased excursion, and compromised passive mechanical 

properties.38–40 In future studies, we will examine the impact of postpartum fibrosis on 

muscle’s passive mechanical properties.
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As an initial step into probing potential mechanisms that govern pregnancy-induced 

adaptations in the PFMs, we evaluated the tibialis anterior muscle throughout pregnancy. 

The changes observed in the PFMs were not present in this ankle dorsiflexor. The results 

suggest that pregnancy-induced adaptations in the pelvic muscles are caused by the local 

increase in mechanical loading and are not due to the diffuse effects of altered systemic 

hormonal milieu in pregnancy. It is, however, possible that systemic mediators differentially 

impact pelvic vs nonpelvic striated muscles.

We are aware of the limitations inherent to the use of a quadrupedal animal model, which 

also differs from human with regard to the size of the fetus relative to the size of maternal 

pelvis. However, the rodent model is valuable for establishing the precise structural 

adaptations that occur in the PFMs throughout pregnancy. This is an important first step 

toward future work aimed at examining the extent to which such adaptations protect the 

PFMs from injury during parturition. It is plausible that, to accommodate the delivery of 

encephalized human fetus while diminishing detrimental effects of excessive muscle strain, 

the extent of Lf increase in the PFMs in women is even greater than that observed in the rat 

model. We also appreciate that our specimens were fixed by formaldehyde and, therefore, 

the spatial and topographical appearance of the PFMs may not correspond to its appearance 

in vivo due to the loss of muscle tone. Fortunately, these differences in the topology do not 

appear to affect major determinants of muscle architecture.41

The current study represents a significant shift in the way that PFMs are examined and have 

substantial implications for future research. Establishing changes that take place in the 

structure of the PFMs in pregnancy is a prerequisite for moving toward the identification of 

mechanisms that govern them and the development of strategies to maximize maternal 

protective adaptations. Determining the impact of pregnancy and vaginal delivery on the 

PFMs architecture also adds to the understanding of the mechanics of injury of these 

muscles due to parturition. Finally, our findings can be applied to the computational models 

of the impact of vaginal deliveries on human PFMs, which are currently limited in that they 

do not account for pregnancy-induced changes in the architecture and the intramuscular 

extracellular matrix in these muscles. We suggest that these models will require significant 

modification to include fiber structural adaptation to represent realistic simulations.

With 3 million vaginal deliveries in the United States annually, it is of utmost importance to 

gain insights into potentially modifiable protective adaptations that could help prevent 

injuries of the PFMs during childbirth reducing the associated pathological sequelae.
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FIGURE 1. 
Comparison of architectural parameters of C, IC, and PC among virgin, pregnant, and PP 

groups

Data represented as mean ± SEM.

C, coccygeus; IC, iliocaudalis; Lfn, fiber length normalized to optimal sarcomere length; PC, 

pubocaudalis; PCSA, physiologic cross-sectional area; PP, postpartum.

*Significantly different P values derived from 2-way analysis of variance, followed by 

Tukey pairwise comparisons with significance level set to 5%.
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FIGURE 2. 
Comparison of architectural parameters of tibialis anterior among virgin, pregnant, and PP 

groups

Data represented as mean ± SEM.

Lfn, fiber length normalized to optimal sarcomere length; PCSA, physiologic cross-sectional 

area; PP, postpartum.

Alperin. Pregnancy adaptations in rat pelvic muscles. Am J Obstet Gynecol 2015.

Alperin et al. Page 11

Am J Obstet Gynecol. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 3. 
Intramuscular collagen content of C, IC, PC, and TA in virgin controls

Data represented as mean +/− SEM of micrograms of collagen per milligram of tissue.

C, coccygeus; IC, iliocaudalis; PC, pubocaudalis; TA, tibialis anterior.

*Significantly different P values derived from repeated measures analysis of variance, 

followed by Tukey pairwise comparisons with significance level set to 5%.
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TABLE 1

Comparison of body weight measured as mean – standard error of the mean 3- and 6-month old V, MP, LP, 4 

and 12 wks’ PP groups

Group Weight, g Comparison groups P valuea

V 3-mo old 201.0 ± 3.7 V vs MP .006

MP 221.5 ± 4.7 V vs LP .0001

LP 274.7 ± 4.8 V vs 4 wks PP .0001

PP 4 wks 236.3 ± 2.5 V vs 12 wks PP .0001

PP 12 wks 254.9 ± 3.2 V vs V 6 mo .0001

V 6-mo old 268.9 ± 4.5 V 6 mo vs 12 wks PP .16

LP, late-pregnant; MP, mid-pregnant; PP, postpartum; V, virgin.

a
P values derived from one-way analysis of variance, followed by Tukey’s pairwise comparisons with significance level set to 5%.
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TABLE 2

Comparison of intramuscular ECM collagen content between virgin, MP, LP, 4 wks PP and 12 wks PP groups

Group Coccygeus Iliocaudalis Pubocaudalis Tibialis anterior

Virgin 3.11 ± 0.47 2.87 ± 0.27 3.46 ± 0.52 6.87 ± 0.37

MP 5.87 ± 0.66 3.18 ± 0.11 4.90 ± 0.53 —

LP 7.45 ± 0.65 4.34 ± 0.12 6.05 ± 0.62 7.02 ± 0.54

4 wks PP 6.67 ± 0.68 2.90 ± 0.22 4.14 ± 0.32 —

12 wks PP 6.37 ± 0.55 2.86 ± 0.34 4.96 ± 0.32 5.33 ± 0.41

Virgin vs MP, P valuea .0005 > .9999 .2667 —

Virgin vs LP, P valuea < .0001 .0198 .0014 .9729

MP vs LP, P valuea .1704 .0846 .5891 —

LP vs 4 wks PP, P valuea .9367 .0246 .0449 —

LP vs 12 wks PP, P valuea .6706 .0196 .6559 .0510

Virgin vs 4 wks PP, P valuea < .0001 > .9999 .9724 —

Virgin vs 12 wks PP, P valuea < .0001 > .9999 .2219 .0736

Data presented as mean +/− SEM of micrograms of collagen per milligram of tissue.

ECM, extracellular matrix; LP, late-pregnant; MP, mid-pregnant; PP, postpartum.

a
P values derived from two-way analysis of variance, followed by Tukey’s pairwise comparisons with significance level set to 5%.
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